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 Malgré le fait que la déshydratation ne semble pas avoir d’effets sur la performance 
d’endurance d’une durée d’environ 2h ou les pertes de poids corporelle sont ≤  à 4%, il est 
possible que les altérations physiologiques qu’accompagne la diminution d’eau corporelle 
altèrent la performance sportive de très longue durée. Pour retarder le processus de 
déshydratation, certains athlètes utilisent une technique appelée hyperhydratation, qui consiste à 
consommer une quantité anormalement grande de liquide avant d’entreprendre un exercice. 
Malheureusement, l’utilisation du glycérol, considéré comme étant l’agent hyperhydratant par 
excellence, est interdit par l’Agence Mondiale Anti-dopage depuis 2010. Vu son effet sur les 
osmorécepteurs, le sodium pourrait remplacer le glycérol comme agent hyperhydratant. Or, cette 
étude compare l’hyperhydratation induite par le sodium (SIH), le glycérol (GIH) et l’eau (WIH) 
sur l’équilibre hydrique.     
 
 À l’aide d’un devis chassé-croisé randomisé et contre-balancé à double aveugle, 17 
hommes (21 ± 3 ans, 64 ± 6 kg masse maigre (MM)) ont complété trois protocoles 
d’hyperhydratation de 3h. Pendant la première heure, ils ont consommé 30 mL/kg MM d’eau 
avec 1) un édulcorant (WIH); 2) un édulcorant + 7.45g/L de sel de table (SIH) ou; 3) un 
édulcorant + 1.4g de glycérol/kg MM (GIH). Le poids corporel (PC), la production d’urine, la 
rétention de liquide, l’hémoglobine, l’hématocrite, les changements de volume plasmatique et les 
sensations perceptuelles furent mesurées tout au long des expérimentations.     
 
 En moyenne, les participants ont ingéré 1951 ± 168 mL (24.5 ± 2.1 mL/kg PC) de 
solution expérimentale avec 90.0 ± 7.8 g de glycérol (1.1 ± 0.1 g/kg PC) (condition GIH), 14.5 ± 
1.3 g de sel de table (7.45 g/L) (condition SIH) ou aucun soluté (condition WIH). Après 3h, 
l’hémoglobine, l’hématocrite (SIH: 43.1 ± 2.8%; GIH: 44.9 ± 2.4%; WIH: 46.0 ± 2.4%) et la 
production d’urine (SIH: 784 ± 310 mL; GIH: 1212 ± 323 mL; WIH: 1829 ± 271 mL) étaient 
significativement (p<0.05) moins élevées pour SIH que GIH et WIH. Le PC (SIH: 0.9 ± 0.3 kg; 
GIH: 0.6 ± 0.4 kg; WIH: -0.08 ± 0.3 kg), la rétention de liquide (SIH: 1144 ± 294 mL; GIH: 795 




GIH: 4.0 ± 6.0%; WIH: -0.7 ± 10.0%) étaient significativement (p<0.05) plus élevés avec SIH 
que GIH ou WIH. La fréquence cardiaque et l’inconfort abdominal étaient similaires entre les 
conditions.  
 
 Pour conclure, nos résultats indiquent que SIH est supérieur à GIH et donc que le sodium 







 Glycerol-induced hyperhydration (GIH) has been shown to attenuate dehydration-induced 
cardiovascular (Montner et al., 1996) and thermal stresses during exercise (Anderson, Cotter, 
Garnham, Casley, & Febbraio, 2001), all the while decreasing thirst sensation (Goulet, Rousseau, 
Lamboley, Plante, & Dionne, 2008), which could benefit endurance performance. However, the 
use of glycerol was banned by the World Anti-Doping Agency in 2010 because of its dope-
masking properties. Recent research suggests that sodium-induced hyperhydration (SIH) might 
be a worthwhile alternative to GIH (Gigou, Dion, Asselin, Berrigan, & Goulet, 2012), but a direct 
comparison of both techniques has never been done. Therefore, the purpose of the study 
presented in this thesis was to compare the effects of SIH, GIH and water-induced 
hyperhydration (WIH) on fluid balance responses.  
 
 Using a randomised, double blind and counterbalanced study design, 17 healthy young 
men (21 ± 3 yrs, 64 ± 6 kg fat-free mass (FFM)) underwent three, 3h hyperhydration protocols 
during which they ingested 30 mL/kg FFM of water with 1) an artificial sweetener (WIH); 2) an 
artificial sweetener + 7.45 g/L of table salt (SIH) or; 3) an artificial sweetener + 1.4 g glycerol/kg 
FFM (GIH) during the initial 60 min of experimentation. Changes in body mass (BW), urine 
production, fluid retention, hemoglobin, hematocrit, plasma volume and perceptual variables 
were monitored throughout the 3h trials.  
 
 Subjects ingested a total of 1951 ± 168 mL (24.5 ± 2.1 mL/kg BW) of tangerine-flavoured 
solution with either 90.0 ± 7.8 g of glycerol (1.1 ± 0.1 g/kg BW) (GIH trial), 14.5 ± 1.3 g of table 
salt (7.45 g/L) (SIH trial) or no added solutes (WIH trial) during the initial hour of 
experimentation. After 3h, SIH resulted in significantly (p<0.05) lower hemoglobin, hematocrit 
(SIH: 43.1 ± 2.8%; GIH: 44.9 ± 2.4%; WIH: 46.0 ± 2.4%) and urine production (SIH: 784 ± 310 
mL; GIH: 1212 ± 323 mL; WIH: 1829 ± 271 mL), as well as greater BW (SIH: 0.9 ± 0.3 kg; 
GIH: 0.6 ± 0.4 kg; WIH: -0.08 ± 0.3 kg), fluid retention (SIH: 1144 ± 294 mL; GIH: 795 ± 337 
mL; WIH: 90 ± 268 mL) and plasma volume gains (SIH: 11.9 ± 12.0%; GIH: 4.0 ± 6.0%; WIH: -
0.7 ± 10.0%) compared to both GIH and WIH. No differences were found between treatments for 





 To conclude, our results indicate that SIH is a superior hyperhydrating technique than, and 
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1.1 The importance of water in the body 
 
 The importance of water in the human body is obvious. For instance, it is necessary for a 
vast array of biochemical reactions, such as adenosine triphosphate hydrolysis (Guyton & Hall, 
2011). Water is the main constituent of cells, making it responsible for approximately 60% of a 
human being’s bodyweight (BW) (Greenleaf, 1992) and represents the bulk of plasma and lymph 
volume, thereby serving as the vehicle for the transportation of nutrients, metabolites and other 
elements to and away from cells (Guyton & Hall, 2011). Body water, however, must constantly 
be replenished because it is excreted in urine, feces, perspiration and in the form of respiratory 
water every day (Tam & Noakes, 2013).  
 
 Dehydration, which refers to the process by which body water is lost, is accelerated in 
situations requiring heavy locomotion such as exercise, especially when undertaken in the heat. 
Indeed the conversion of metabolic energy into mechanical energy is a rather inefficient process, 
as roughly 70% of the former is lost as heat, which must be eliminated from the body in order to 
prevent hyperthermia (Gonzalez-Alonso, 2012). To do so, the body utilizes several 
thermoregulatory mechanisms that transfer heat to the environment. When core temperature rises, 
peripheral vasodilation occurs and skin blood flow increases, creating a greater temperature 
gradient between the skin and the athlete’s surroundings (Cheuvront, Kenefick, Montain, & 
Sawka, 2010). This facilitates heat transfer to the environment via convection, radiation and 
conduction, thereby reducing heat build up (Sawka, Montain, & Latzka, 2001). However, the 
most efficient and important thermoregulatory mechanism for heat dissipation during exercise 
undertaken in hot environments is evaporation of sweat (Nielsen, 1996). This efficient 
thermoregulatory mechanism, however, comes at the price of considerable body water losses, as 
sweat rates ranging from 0.5 to 2.0 L/h are common in various sports (Sawka et al., 2007). 
Moreover, because athletes often drink insufficient amounts of liquids to counter sweat losses 
during exercise (Burke, Wood, Pyne, Telford, & Saunders, 2005; Byrne, Lee, Chew, Lim, & Tan, 




Byrne, 2010; Millard-Stafford, Rosskopf, Snow, & Hinson, 1997; O'Hara et al., 2010; Passe, 
Horn, Stofan, Horswill, & Murray, 2007), they often become hypohydrated, as evidenced by 
decreased post-exercise BW. Considering the plethora of bodily functions for which body water 
plays a crucial role, one could assume that hypohydration alters physiological functions and 
potentially impairs exercise performance. Considering the above, it may be a wise decision for 
athletes to delay dehydration during exercise. This can be done through pre-exercise 
hyperhydration, a process by which athletes overload with fluid prior to exercise (Nelson & 
Robergs, 2007).  
 
 This thesis is based on a research project that investigated the efficacy of a novel, sodium-
based technique to induce hyperhydration. In order to introduce the reader to the premise upon 
which this project was based, the following pages describe the effects of body water loss on 
physiological functions and endurance exercise performance, as well as the current state of 
knowledge concerning hyperhydration. Following this section, the reader will find a copy of the 
submitted scientific article that describes the aforementioned research project, which provides a 
full description of the research methodology and results. Finally, in the latter pages of this thesis, 
the research results will be interpreted and discussed.  
 




 As previously mentioned, both sweat production and increased peripheral blood flow help 
dissipate heat from the body during exercise. When large volumes of sweat are lost, however, 
body water diminishes and body heat dissipation is impaired. For example, during exercise that is 
not self-paced, studies have generally found core temperature to be greater as dehydration 
develops (Below, Mora-Rodriguez, Gonzalez-Alonso, & Coyle, 1995; Gonzalez-Alonso, Mora-
Rodriguez, & Coyle, 2000; Hamilton, Gonzalez-Alonso, Montain, & Coyle, 1991; Montain & 
Coyle, 1992a, 1992b; Sawka, Young, Francesconi, Muza, & Pandolf, 1985). Furthermore, it has 
been shown that the magnitude of core temperature augmentations during exercise increases with 




(Montain & Coyle, 1992b), such that for every 1% of BW lost, core temperature increases by 0.1 
to 0.25°C (Sawka et al., 2001).  
 
 To date, two dehydration-induced physiological alterations appear to explain why large 
sweat losses increase heat storage. The first of these is that, in healthy humans, sweat is 
hypotonic compared to intra- and extracellular bodily fluids, meaning that when excessive 
diaphoresis occurs, body fluid osmolality increases (Cheuvront & Kenefick, 2014). This 
disturbance, in turn, increases the temperature thresholds for sweating and cutaneous 
vasodilation, which impedes body heat dissipation (Fortney, Wenger, Bove, & Nadel, 1984; 
Sawka et al., 1989; Sawka et al., 1985; Takamata, Mack, Gillen, Jozsi, & Nadel, 1995). The 
second mechanism that explains greater heat storage with dehydration is the development of 
hypovolemia. Indeed, mean arterial pressure must be maintained during exercise for proper 
perfusion of vital organs such as the heart and brain (Kenney, Stanhewicz, Bruning, & 
Alexander, 2014). For this to be possible in the face of hypovolemia, blood flow to inactive 
tissues, such as the skin, decreases, which reduces the rate of heat loss (Sawka et al., 2001). The 
effect of hypovolemia on cutaneous vascular conductance results from the unloading of 
cardiopulmonary barceptors, which regulate skin vasomotor tone (Mack, Nose, & Nadel, 1988; 
Nishiyasu, Shi, Mack, & Nadel, 1991). In support of the above, studies have found hypovolemia 
to decrease skin blood flow and concomitantly increase core temperature during exercise 
(Fortney, Nadel, Wenger, & Bove, 1981a, 1981b; Fortney, Vroman, Beckett, Permutt, & 
LaFrance, 1988).  
 
 One major downside to the majority of studies that have investigated the effects of body 
water loss on thermoregulation, however, is that participants were not fan cooled. This is 
important as displacement of the body (as occurs in the majority of real-world exercise situations) 
creates air turbulence, which increases convective heat loss (Cheuvront, Carter, Montain, 
Stephenson, & Sawka, 2004). Indeed, a recent study showed that during a 2h cycling time-trial 
undertaken in the heat during which wind velocity matched participant forward progression (35-
40 km/h), BW losses of 4.3% has no noticeable effects on thermal status compared to 
maintenance of euhydration (Dugas, Oosthuizen, Tucker, & Noakes, 2009). However, a more 




debuting a 25km time-trial in the heat while hypohydrated (BW loss of 3%) increases thermal 
strain (≈ 0.3°C) even without further dehydration (Wall et al., 2013). With this in mind and 
considering that it has been demonstrated that the effect of fan cooling tends to diminish as wind 
velocity decreases (Saunders, Dugas, Tucker, Lambert, & Noakes, 2005), it is possible that 
hypohydration could exacerbate an athlete’s thermal burden during “slower” types of endurance 
exercise, such as running. In line with this, recent studies have shown that even when fan-cooled 
according to forward progression, runners attain greater core temperature when exercise-induced 
dehydration is greater (Dion, Savoie, Asselin, Gariepy, & Goulet, 2013; Gigou et al., 2012).  
 
1.2.2 Cardiovascular function 
 
 Another deleterious dehydration-induced physiological alteration is exacerbation of 
“cardiovascular drift” during exercise. The latter refers to the progressive decrease in stroke 
volume and increase in heart rate during prolonged exercise, especially in the heat (Coyle & 
Gonzalez-Alonso, 2001; Heaps, Gonzalez-Alonso, & Coyle, 1994; Lafrenz, Wingo, Ganio, & 
Cureton, 2008; Rowell, Marx, Bruce, Conn, & Kusumi, 1966; Sawka, Knowlton, & Critz, 1979). 
With exacerbation, cardiovascular drift is accompanied by reductions in cardiac output and 
maximal oxygen uptake (Lafrenz et al., 2008; Wingo, Lafrenz, Ganio, Edwards, & Cureton, 
2005), which essentially forces an individual to exercise at a higher relative intensity for a given 
work rate.  
 
 Dehydration has been found to exacerbate cardiovascular drift during exercise in both 
temperate (Hamilton et al., 1991; Heaps et al., 1994) and hot (Ganio, Wingo, Carrolll, Thomas, & 
Cureton, 2006; Montain & Coyle, 1992a, 1992b) environments. In one widely cited study, 
Montain and Coyle (1992b) found that during 2 h of fixed-intensity cycling in the heat (33°C), 
decrements in stroke volume and cardiac output were proportional to the amount of dehydration 
incurred by exercise, whereas the exact opposite observations were made for heart rate. These 
results clearly show that hypohydration increases cardiovascular drift, especially when exercise is 





 The physiological stressors through which hypohydration is believed to exacerbate 
cardiovascular drift are hypovolemia and hyperthermia. With respect to the former, it is believed 
that diminished blood volume decreases cardiac filling pressure, which ultimately reduces stroke 
volume (Rowell, 1974). To circumvent this alteration and maintain cardiac output, heart rate 
increases until stroke volume reductions are too important, at which point cardiac output is 
compromised. Hyperthermia, on the other hand, is believed to increases heart rate, which reduces 
ventricular filling time and diminishes stroke volume (Coyle & Gonzalez-Alonso, 2001; 
Fritzsche, Switzer, Hodgkinson, & Coyle, 1999; Trinity, Pahnke, Lee, & Coyle, 2010). The 
augmentation of heart rate in the face of hyperthermia is primarily believed to be the due to the 
increasing catecholamine concentrations (Febbraio, 2000; Gonzalez-Alonso, Calbet, & Nielsen, 
1999). In a brilliantly designed study, Gonzalez-Alonso, Mora-Rodriguez, Below, and Coyle 
(1997) isolated hyperthermia, hypohydration (-4% BW) and hypovolemia in endurance-trained 
cyclists during 30 min of cycling at 71% of maximal oxygen consumption. In the hypohydration 
only trial, the authors observed a 7% decrease in stroke volume, whereas an 8% decrease was 
reported for the hyperthermia only trial. In another trial, in which a dextran solution was 
intravenously infused to counter dehydration-induced blood volume reductions, stroke volume 
remained unchanged compared to the control condition, suggesting that hypovolemia was solely 
responsible for cardiovascular drift in the hypohydration only trial. Interestingly, when 
hypohydration and hyperthermia were combined, stroke volume decreased by an impressive 
20%. These results demonstrate that a synergistic relationship exists between hypovolemia and 
hyperthermia, such that when combined, their impact on cardiovascular drift exceeds the sum of 
their individual contributions.      
 
1.2.3 Muscle metabolism 
 
 Exercise-induced dehydration has also been found to impact muscle metabolism during 
prolonged exercise. In fact, Hargreaves, Dillo, Angus, and Febbraio (1996) have shown that 
compared to preventing BW losses with water intake, fluid deprivation during 2h of cycling 
exercise at 65-67% of maximal oxygen consumption in temperate (20-22°C) conditions leads to 
16% greater muscle glycogenolysis in trained men. More recently, Logan-Sprenger and 




Jones, & Spriet, 2013) and females (Logan-Sprenger, Heigenhauser, Killian, & Spriet, 2012). To 
date, the most plausible mechanism for increased glycogenolysis with hypohydration relates to 
the thermoregulation-impairing effect of body water loss. As discussed earlier, diminished body 
water reduces the efficiency of thermoregulatory mechanisms, which may contribute to the 
attainment of greater core temperature during exercise. This, in turn, most likely results in 
increased muscle temperature (Febbraio, 2000), which has been shown to augment 
glycogenolysis through increased adrenosympathetic activity (Febbraio, Carey, Snow, Stathis, & 
Hargreaves, 1996; Febbraio, Snow, Stathis, Hargreaves, & Carey, 1996). This hypothesis is 
further supported by the findings of Gonzalez-Alonso et al. (1999), which have shown that 
exercise-induced dehydration promotes far greater muscle glycogenolysis in hot compared to 
cool ambient temperature, when core temperature augmentations are greater.  
 
 In addition to increasing glycogenolysis, most (Gonzalez-Alonso et al., 1999; Hargreaves 
et al., 1996; Logan-Sprenger et al., 2012), albeit not all (Logan-Sprenger et al., 2013) studies 
have shown dehydration to increase carbohydrate oxidation during exercise. Hence, for the sake 
of conserving endogenous carbohydrates reserves, it may be wiser for athletes undertaking 
prolonged exercise to prevent excessive dehydration and heat strain.  
 
1.2.4 Neuromuscular function 
 
 Although hypohydration affects several aspects of peripheral physiology, current evidence 
suggests that body water losses do not impact efferent nerve signals destined to muscles. In fact, 
studies have typically found hypohydration to have no effect on voluntary muscle activation 
(Bowtell, Avenell, Hunter, & Mileva, 2013; Del Coso, Estevez, & Mora-Rodriguez, 2008; 
Judelson et al., 2007; Periard, Tammam, & Thompson, 2012), or electromyographic responses 
during maximal voluntary isometric or isokinetic contractions (Bowtell et al., 2013; Evetovich et 
al., 2002; Hayes & Morse, 2010; Minshull & James, 2013). To date, only one study has shown 
hypohydration to reduce electromyographic signal amplitudes during maximal isometric and 
isokinetic contractions of the knee flexors and extensors (Ftaiti, Grelot, Coudreuse, & Nicol, 
2001). In this study, however, participants were tested before and 8 to 12 min after a 40-min 




post-exercise tympanic temperature ≈ 40°C) and a physical state close to exhaustion. Hence, 
hyperthermia and physical fatigue, rather than hypohydration, may have been responsible for the 
observed reductions in electromyographic responses in this study. The fact that body water losses 
have little bearing on resting membrane potentials (Costill, Cote, & Fink, 1976) most likely 
explains the apparently blunt effect of hypohydration on electromyographic responses during 
maximal muscle contractions.  
 
 As with maximal isometric and isokinetic contractions, studies have typically not found 
body water losses to impact electromyographic responses during prolonged or repeated muscle 
contractions (Ftaiti et al., 2001; Periard et al., 2012). In the sole study to show otherwise, Bigard 
et al. (2001) found that hypohydration (-2.95% BW) accelerated the electromyographic 
alterations associated with muscle fatigue during prolonged isometric contractions at 25% peak 
torque. Hypohydration also resulted in a 23% reduction in contraction time, compared to 
euhydration. Curiously, these same authors reported that during prolonged isometric contractions 
at 70% of peak torque, hypohydration had no significant impact on electromyographic responses 
or total contraction time compared with euhydration. The mechanisms explaining the altered 
electromyographic responses and diminished contraction time-to-exhaustion at 25% but not 70% 
peak torque are not readily explainable.  
   
1.2.5 Perception of effort 
 
 Several authors have found that during exercise, perception of effort augments with body 
water loss (Gonzalez-Alonso et al., 1999; Gonzalez-Alonso et al., 2000; Logan-Sprenger et al., 
2013; Montain & Coyle, 1992a, 1992b). This is very important for athletes, since it has been 
postulated that the brain integrates several variables relating to body homeostasis, the 
characteristics of the effort to be undertaken, as well as the risks and rewards of the task at hand 
to generate perception of effort, which plays a crucial role in pacing and cessation of exercise (St 
Clair Gibson & Noakes, 2004). Hence, hypohydration may contribute to exercise performance 
impairments by increasing perceived effort. However, it is currently unknown whether 
hypohydration per se increases perception of effort during exercise because studies have 




Gonzalez-Alonso et al., 2000; Logan-Sprenger et al., 2013; Montain & Coyle, 1992a, 1992b). 
Considering that perceived exertion has been shown to be strongly associated with increased core 
temperature (Nielsen, Hyldig, Bidstrup, Gonzalez-Alonso, & Christoffersen, 2001), 
hypohydration per se may not be responsible for augmented perception of effort during exercise. 
Nevertheless, body water losses surely contribute to this sensation by increasing thermal strain. 
 
1.2.7 Perception of thirst 
 
 Water ingestion is the only way to replenish body water stores when hypohydration 
develops. The sensation of thirst therefore plays a crucial role in the maintenance of body fluid 
homeostasis in humans. The two main physiological alterations that summon thirst are increased 
plasma osmolality and decreased plasma volume (Greenleaf, 1992; Stachenfeld, 2008; Valtin, 
2002), both of which occur with dehydration (Cheuvront & Kenefick, 2014). Changes in plasma 
osmolality as small as 1 to 2% can be detected by hypothalamic osmoreceptors, which drive the 
neuroendocrine responses for increased anti-diuretic hormone secretion and thirst sensation (Tam 
& Noakes, 2013). Because body fluid losses are typically hypotonic compared to body water 
(Tam & Noakes, 2013) and because osmoreceptors are so sensitive, increased plasma osmolality 
is generally accepted as the main regulator of thirst (Johnson, 2007). It has also been shown that 
hypovolemia can provoke dipsogenic drive, albeit rather large plasma volume reductions are 
needed for this to happen (Greenleaf, 1992).    
 
1.3 Impact of hypohydration on exercise performance 
 
 The development of hypohydration alters several physiological functions and may 
diminish endurance exercise performance. Although this may be true during exercise to volitional 
exhaustion (i.e., exercise capacity) (Cheuvront, Carter, & Sawka, 2003; Goulet, 2013), studies 
have yet to show that exercise-induced dehydration impairs time-trial exercise performance 
whether or not it is undertaken in the heat (Bachle et al., 2001; Backx, van Someren, & Palmer, 
2003; Dion et al., 2013; Dugas et al., 2009; Kay & Marino, 2003; Robinson et al., 1995). Hence, 
it makes perfectly good sense to believe that exercise-induced dehydration has no performance-




elements, however, must be considered before such a conclusion is drawn. First, the studies that 
have investigated the effect of exercise-induced dehydration on time-trial performance have used 
exercise protocols lasting between 60 and 120 minutes (Bachle et al., 2001; Backx et al., 2003; 
Dion et al., 2013; Dugas et al., 2009; Kay & Marino, 2003; Robinson et al., 1995). Therefore, it 
remains unknown whether the development of hypohydration impacts endurance performance 
during exercise bouts of longer duration (e.g. marathons, ultra-marathons, Ironman ™ triathlons). 
Although they did not report altered endurance performance, Dion et al. (2013) have provided 
evidence that cardiovascular and thermal strains are of greater magnitude when athletes 
dehydrate during a 21.1 km running time-trial. Hence, excessive body water losses may impair 
endurance performance during longer exercise bouts, as prolonging thermal and cardiovascular 
strains may eventually take its toll on exercising athletes. Second, a recent meta-analysis by 
Goulet (2011) demonstrated that drinking below the sensation of thirst significantly decreases 
time-trial performance compared to drinking in accordance to the dictates of thirst. Hence, in 
sporting situations where drinking or fluid portability are difficult (i.e. swimming, running, etc.), 
performance may be impaired. 
 
1.4 Hyperhydration  
 
1.4.1 Water-induced hyperhydration 
 
 Considering that exercise-induced dehydration can potentially impair endurance exercise 
performance, it may be wiser for athletes competing in endurance events to delay thirst 
development and exercise-induced dehydration. A manner of achieving this is to increase body 
water stores prior to exercise onset, thus creating a state of hyperhydration. Perhaps the most 
intuitive way of hyperhydrating prior to exercise is to consume a large bolus of water (i.e., water-
induced hyperhydration (WIH)). However, body fluid homeostasis is very tightly regulated in 
humans and overconsumption of plain water is rapidly eliminated as urine. Indeed, the ingestion 
of hypotonic liquids decreases plasma osmolality and increases intracellular osmotic pressure. 
Ensuing osmoreceptor cell swelling decreases anti-diuretic hormone secretion by the posterior 
pituitary gland, which, in turn, increases free water clearance through diuresis (Freund et al., 




(2007) have shown that after the ingestion of 23.9 ml/kg BM of water, only 5.2 ml/kg BM is 
retained within the body 136 min after hyperhydration onset.  
 
 Although the latter numbers clearly testify that WIH is a poor fluid retention technique, 
plasma volume gains have been reported with WIH. However, it must be pointed out that the 
plasma volume responses reported in the literature have been highly variable. Tables 1, 2 & 3 
show the different plasma volume changes reported in studies that investigated the acute effects 
of WIH on plasma volume at different time points. Although the reasons for the variability in 
plasma volume responses with WIH are not readily explainable, they most likely relate to 1) the 
different hyperhydration protocols utilized to hyperhydrate participants; 2) the time at which 
plasma volume was estimated and; 3) the training state of the individuals undergoing 
hyperhydration.  
 
Table 1. Mean plasma volume changes 90 min after hyperhydration onset. 
Authors GIH – PVΔ (%) WIH – PVΔ (%) Hyperhydration protocol 
duration 
(min) 
Jimenez et al. (1999) 1.4  90 
Hitchins et al. (1999) 4.8 0.0 30 
Freund et al. (1995) 6.5 5.8 30 
GIH, glycerol-induced hyperhydration; WIH, water-induced hyperhydration; PV, plasma volume. 
 
 
Table 2. Mean plasma volume changes 120 min after hyperhydration onset. 
Authors GIH – PVΔ (%) WIH – PVΔ (%) Hyperhydration protocol 
duration 
(min) 
Hitchins et al. (1999) 0.0 -1.5 30 
Freund et al. (1995) 5.4 5.7 30 
Jimenez et al. (1999) 6.0  90 
Coutts, Reaburn, 
Mummery, and Holmes 
(2002) 
6.6 2.7 60 
Hillman et al. (2013) 6.8 5.5 30 








Table 3. Mean plasma volume changes 150 min after hyperhydration onset. 
Authors GIH – PVΔ (%) WIH – PVΔ (%) Hyperhydration protocol 
duration 
(min) 
Hitchins et al. (1999) -0.5 -4.5 30 
Magal et al. (2003) 7.3 1.0 30 
Koehler et al. (2011) 7.5 4.0 20 
GIH, glycerol-induced hyperhydration; WIH, water-induced hyperhydration; PV, plasma volume. 
 
 Regardless of the fluid retention efficiency of WIH, some studies have shown pre-exercise 
WIH to lessen heart rate (Latzka et al., 1998; Moroff & Bass, 1965; Nadel, Fortney, & Wenger, 
1980) and core temperature (Grucza, Szczypaczewska, & Kozlowski, 1987; Moroff & Bass, 
1965) augmentations compared to pre-exercise euhydration in situations where dehydration is not 
prevented during exercise. Hence, considering that exercising individuals often lose more than 
2% of BW through sweat (Sawka et al., 2007), pre-exercise WIH can help ease dehydration-
related physiological stressors. Although not entirely clear, the mechanisms explaining the 
observed attenuations of heart rate and core temperature with WIH could be due to increased total 
body enthalpy from the liquid overload or from WIH-induced plasma volume expansion, which 
would lessen cardiovascular strain.    
 
 Although WIH does appear to provide some physiological benefits during exercise, 
whether it impacts endurance performance remains unclear. Indeed, methodological limitations 
restrain the inferential power of the only two studies that have compared the effects of pre-
exercise WIH and euhydration on endurance performance. In the study by Latzka et al. (1998), 
the authors did not find pre-exercise WIH to improve treadmill exercise time-to-exhaustion 
(≈55% of maximal oxygen consumption) compared to pre-exercise euhydration but the exercise 
testing took place in uncompensable heat stress. Hence, the possibility that the beneficial effects 
of pre-exercise WIH on endurance performance were undermined in this study cannot be ruled 
out. In the study by Hillman et al. (2013), completion time of a 90-km cycling time-trial was 
similar whether participants were subjected to pre-exercise WIH or euhydration. However, post-
exercise BW losses were ≤ 1% because participants drank sufficiently to counter BW losses, 
rendering pre-exercise hyperhydration of little practical use. In this instance, although WIH may 




unclear whether it could benefit athletic performance undertaken in situations of compensable 
exercise-heat stress and where dehydration is prone to develop.   
 
1.4.2 Glycerol-induced hyperhydration  
 
  A better way of orally inducing hyperhydration is to add glycerol, a colourless, odourless 
and membrane permeable trivalent alcohol with a molecular weight of 92.09 g/mol, to 
hyperhydrating solutions. In their seminal study, Riedesel, Allen, Peake, and Al-Qattan (1987) 
administered 21.4 ml/kg BM of a 0.1% NaCl solution with either 0.0, 0.5, 1.0 or 1.5 g/kg BW of 
glycerol to 22 individuals. They found that significantly less urine was produced during the 4 h 
after hyperhydration with 1.0 and 1.5 g/kg BW of glycerol compared to the no glycerol condition. 
These findings, that glycerol-induced hyperhydration (GIH) promotes greater fluid retention than 
WIH, have since been confirmed by several authors (Anderson et al., 2001; Coutts et al., 2002; 
Freund et al., 1995; Goulet, Robergs, Labrecque, Royer, & Dionne, 2006; Koehler et al., 2011; 
Lyons, Riedesel, Meuli, & Chick, 1990; Magal et al., 2003; McCullagh, Munge, Weerakkody, & 
Gamble, 2013; Melin, Jimenez, Koulmann, Allevard, & Gharib, 2002; Montner et al., 1996; 
Montner et al., 1999; O'Brien, Freund, Young, & Sawka, 2005). Typically, 23.9 ml of fluid/kg 
BW with 1.1 g of glycerol/kg BW have been administered to participants taking part in studies 
investigating the effects of GIH on fluid retention or exercise performance (Goulet et al., 2007). 
Of all this liquid, approximately 12.9 ml/kg BW is retained 136 min after the onset of 
hyperhydration, which is ≈ 7.7 ml/kg BW greater than that observed with WIH. Today, glycerol 
is considered the “gold standard” hyperhydrating agent.  
 
 Glycerol directly acts on the kidneys to improve fluid retention (Nelson & Robergs, 
2007). More specifically, with GIH, serum glycerol concentrations increase, which concomitantly 
causes the glycerol content of the renal filtrate to increase. When this happens, glycerol passively 
diffuses from the filtrate to the renal medulla, prompting water reabsorption in the process. 
Although this mechanism most likely explains the bulk of fluid retention with GIH compared to 
WIH, anti-diuretic hormone may also play a part. As a matter of fact, post-GIH plasma anti-
diuretic hormone concentrations have been shown to be similar compared with euhydration 




study, Freund et al. (1995) showed that although significant diminishments in plasma anti-
diuretic hormone concentrations occur with both WIH and GIH, these tend (p = 0.07) to be of 
lesser magnitude when a glycerol solution is ingested. This can be explained by the fact that 
glycerol is membrane permeable, meaning that upon absorption by the stomach and small 
intestine, it distributes evenly within the intra- and extracellular fluid compartments (Lin, 1977). 
Therefore, glycerol only mildly disturbs body water distribution, which explains its blunt effect 
on anti-diuretic hormone-mediating osmoreceptors. Considering the above, it is reasonable to 
believe that part of GIH’s effectiveness, compared to WIH, resides in its lesser effect on anti-
diuretic hormone serum concentrations.    
 
 The addition of glycerol to a hyperhydrating solution also appears to provide greater 
plasma volume increases than the ingestion of water alone (Tables 1, 2 & 3). This is not 
surprising for two reasons. First, fluid retention is greater with GIH than WIH, which increases 
the potential for fluid compartment volume gains. Second, by providing a surplus of extracellular 
osmoles, GIH increases vascular and interstitial osmotic pressure, thereby decreasing the relative 
quantity of water that would otherwise get sucked into cells (Guyton & Hall, 2011). What is 
surprising, however, is the variability in the plasma volume responses to GIH. The different 
hyperhydration protocols utilized, the times points at which plasma volume changes were 
estimated and participant training state may all partially explain why studies have reported such 
different plasma volume responses.           
 
  To date, only three studies have investigated whether pre-exercise GIH benefits exercise 
performance compared to pre-exercise euhydration (Goulet et al., 2008; Hillman et al., 2013; 
Latzka et al., 1998). Both Goulet et al. (2008) and Latzka et al. (1998) have shown that pre-
exercise GIH improved exercise time-to-exhaustion compared with pre-exercise euhydration. In 
contrast, Hillman et al. (2013) showed that completion time of a 90-km cycling time-trial was 
similar whether exercise debuted in a hyperhydrated (GIH or WIH) or euhydrated state. 
However, as mentioned previously (section 1.4.1), exercise-incurred BW losses were either null 
or minimal (i.e. ≤ 1%) in their study, rendering hyperhydration of little practical use. Hence, 
although pre-exercise GIH appears to improve exercise time-to-exhaustion over pre-exercise 




dehydration is prone to develop (Burke et al., 2005; Byrne et al., 2006; Lee et al., 2010; Millard-
Stafford et al., 1997; Passe et al., 2007), remains an open question. 
 
 In addition to its favourable impact on exercise tolerance compared to pre-exercise 
euhydration, pre-exercise GIH has been found to improve endurance performance compared to 
pre-exercise WIH. A meta-analysis by Goulet et al. (2007), in which studies that used time-trial 
and time-to-exhaustion exercise protocols were pooled together, demonstrated that pre-exercise 
GIH improves endurance performance by 2.62% (CI: 0.07-5.17%) compared to pre-exercise 
WIH. Considering that the smallest worthwhile performance change that impacts endurance 
performance is 0.5-1.5% (Hopkins, Hawley, & Burke, 1999; Hopkins & Hewson, 2001; C. Paton 
& Hopkins, 2006; C. D. Paton & Hopkins, 2001; Stewart & Hopkins, 2000), these results 
suggests that pre-exercise GIH should provide an ergogenic benefit for endurance athletes.  
 
 The precise mechanisms by which pre-exercise GIH improves endurance performance 
over pre-exercise euhydration or WIH, however, are not entirely clear. One explanation is that by 
increasing fluid provision, pre-exercise GIH attenuates core temperature and/or heart rate 
increases to a greater extent than either pre-exercise euhydration (Goulet et al., 2008; Latzka et 
al., 1998; Lyons et al., 1990) or WIH (Anderson et al., 2001; Lyons et al., 1990; Montner et al., 
1996) thereby delaying dehydration-related physiological strains. Another possibility is that pre-
exercise GIH diminishes perceived effort for a given exercise intensity (Goulet et al., 2008; 
Hitchins et al., 1999; Montner et al., 1996; Wingo et al., 2004), which would enable athletes to 
exert themselves to a greater extent and thus perform better. Finally, attenuated thirst may play a 
role in pre-exercise GIH-associated performance improvements, although only two studies have 
reported attenuated thirst with pre-exercise GIH (Goulet et al., 2008; Wingo et al., 2004), one of 
which found no change in performance (Wingo et al., 2004). Although all of the above 
mechanisms may contribute to improved endurance performance with pre-exercise GIH, it must 
be pointed out that several studies have not found pre-exercise GIH to impact exercising heart 
rate, core temperature, perception of effort or thirst sensation. Different ambient conditions and 





 In 2010, the World Anti-Doping Agency (WADA) banned the use of glycerol because of 
its plasma diluting properties, which could potentially offset recombinant erythropoietin-induced 
increases in haemoglobin, hematocrit and reticulocyte count (Koehler et al., 2011). In line with 
this, some authors have reported significant decreases in haemoglobin and hematocrit values with 
GIH (Freund et al., 1995; Koehler et al., 2011). Moreover, because the equation proposed by Dill 
and Costill (1974), which has typically been utilized in GIH studies to compute plasma volume 
changes, is primarily based on haemoglobin and hematocrit variations, it can reasonably be 
hypothesised similar decreases were obtained in studies where GIH-induced plasma volume gains 
were reported (Coutts et al., 2002; Hitchins et al., 1999; Jimenez et al., 1999; Magal et al., 2003). 
 
 Surprisingly, WIH appears to have a similar plasma dilution potential to GIH. As a matter 
of fact, a recent meta-analysis has shown that WIH-induced haemoglobin and hematocrit changes 
are respectively clinically and statistically non-significant compared to those induced by GIH 
(Koehler, Thevis, & Schaenzer, 2013). This suggests that athletes may not even need glycerol to 
mask recombinant erythropoietin-induced hematological alterations. Nevertheless, glycerol is and 




 Another way of increasing body water stores is to add an extracellular-bound agent to a 
hyperhydrating solution. When a sufficient amount of such an agent reaches the bloodstream, 
intracellular water migrates to the interstitial and vascular fluid compartments and decreases 
osmoreceptor cell volume (Johnson, 2007). This, in turn causes anti-diuretic hormone to be 
secreted, which decreases urine output (Greenleaf, 1992; Guyton & Hall, 2011; Tam & Noakes, 
2013). Without a doubt, the most logical extracellular-bound agent to use for the purpose of 
hyperhydration is sodium because it is the most abundant cation in extracellular fluid and is 
almost entirely confined to the interstitial and vascular fluid compartments (Guyton & Hall, 
2011).   
 
 Greenleaf and Brock (1980) were most likely the first to investigate the effect of an orally 




2012; Sims, Rehrer, Bell, & Cotter, 2007), on plasma volume shifts. They reported 9-12% 
increases in plasma volume following the ingestion of 16-17 ml/kg BW of an isotonic (0.9%) 
saline solution and a 5-10% increase in plasma volume after an identical ingestion of hypertonic 
(1.5%) saline. Although the authors did not report total fluid retention, their results clearly 
demonstrated sodium-loading’s effectiveness for increasing plasma volume.   
 
 In the past 20 years, scientists have studied the effects of sodium-loading in males (Coles 
& Luetkemeier, 2005; Greenleaf et al., 2001; Greenleaf, Jackson, et al., 1998; Greenleaf, Looft-
Wilson, et al., 1998; Greenleaf et al., 1997; Sims, van Vliet, Cotter, & Rehrer, 2007) and females 
(Sims, Rehrer, et al., 2007). The plasma volume augmentations reported by these investigators 
range from 3-8%, with training state most likely explaining the wide range of results considering 
that the sodium-loading protocols used were virtually identical across studies (10-12 ml/kg BW 
of a 157-164 mmol/L sodium solution) (Mora-Rodriguez & Hamouti, 2012). Along with the 
findings of Greenleaf and Brock (1980), these results suggest that sodium is a potent plasma 
volume expander given that water is ingested alongside it. Moreover, most of these studies found 
lesser free water clearance with sodium-loading compared with equivalent water intake 
(Greenleaf et al., 2001; Greenleaf, Looft-Wilson, et al., 1998; Sims, Rehrer, et al., 2007; Sims, 
van Vliet, et al., 2007), thereby providing evidence for increased fluid retention with sodium-
loading.  
 
 Being that several authors have shown that GIH improves endurance performance 
compared to WIH (Anderson et al., 2001; Coutts et al., 2002; Hitchins et al., 1999; Montner et 
al., 1996), one could reasonably hypothesise that sodium-loading would impact endurance 
performance in a similar way. Indeed, pre-exercise sodium-loading has been shown to ameliorate 
endurance capacity and performance in the heat (Greenleaf et al., 1997; Sims, Rehrer, et al., 
2007; Sims, van Vliet, et al., 2007) and in temperate conditions (Coles & Luetkemeier, 2005) 
compared with pre-exercise ingestion of an equivalent volume of water. Although attenuated 
heart rate and core temperature increases appear to be responsible for these results when exercise 
is undertaken in the heat, it is unclear why sodium-loading enhances endurance performance in 




& Luetkemeier, 2005). Nevertheless, it is clear that athletes could benefit from pre-exercise 
sodium-loading.  
 
1.4.4 Sodium-induced hyperhydration 
 
 Considering the results presented above, sodium may be an interesting and legal 
alternative to glycerol for athletes wishing to hyperhydrate prior to exercise. However, it is 
currently unknown whether sodium is as potent a hyperhydrating agent as glycerol because 
sodium-loading studies have used far less voluminous fluid intake protocols (10-12 ml/kg of BW) 
than GIH studies (24 ml/kg BW) (Goulet et al., 2007; Mora-Rodriguez & Hamouti, 2012). To 
date, only one study has used a sodium-based hyperhydration protocol with a quantity of liquid 
comparable to what has generally been administered in GIH studies (from hereon, this technique 
will be termed sodium-induced hyperhydration (SIH)). In this study, Gigou et al. (2012) had 
endurance athletes ingest 26 ml/kg BW of a sodium (130 mmol/L) solution, which is more than 
twice the fluid volume that has typically been administered in sodium-loading studies. 
Interestingly, the authors reported that 14.8 ml/kg BW of liquid was retained 110 min after 
debuting the fluid intake protocol. These fluid retention numbers compare favourably well with 
those reported in GIH studies (Goulet et al., 2007) and thus provide strong evidence that sodium 
may in fact be as potent a hyperhydrating agent as glycerol. Although Gigou et al. (2012) did not 
find pre-exercise SIH to impact running time-trial performance over pre-exercise euhydration, 
they reported that thirst, heart rate and rectal temperature were lower during the running bout in 
the SIH condition. Hence, SIH may be an interesting and novel technique to hyperhydrate prior to 
exercise.  
 
1.5 Purpose of the study and research hypotheses  
  
 The previous pages have made the case that athletes can benefit from increasing body 
water stores prior to exercise onset. Furthermore, studies have shown that sodium may be a 
potential replacement for glycerol, the “gold standard” hyperhydrating agent, now banned by the 
World Anti-Doping Agency. To our knowledge, however, no study has directly compared the 




ingested. Therefore, the main purpose of this study was to compare WIH, GIH and SIH with 
respect to fluid retention and plasma volume changes. Our research hypotheses for this project 
were as follows: 
 
1. Fluid retention will be significantly greater with SIH and GIH compared with WIH. 
2. Fluid retention will be similar between SIH and GIH. 
3. Plasma volume gains will be significantly greater with SIH and GIH compared to WIH. 






2. METHODS AND RESULTS 
 
 Being that this Master’s thesis is article-based, the methods and results sections are 
described in the enclosed manuscript entitled “Sodium-induced hyperhydration decreases 
urine output and improves fluid balance compared with glycerol- and water-induced 
hyperhydration”. The submission proof for this article to the journal entitled Applied Physiology, 
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PURPOSE: Before 2010, the year the World Anti-Doping Agency banned its use, glycerol was 
commonly used by athletes and considered the ''gold standard'' compound for hyperhydration. 
Through its effect on osmoreceptors, we believe that sodium could prove a viable alternative to 
glycerol as a hyperhydrating agent. Therefore, this study compared the effects of sodium-induced 
hyperhydration (SIH), glycerol-induced hyperhydration (GIH) and water-induced hyperhydration 
(WIH) on fluid balance responses.   
METHODS: Using a randomised, double blind and counterbalanced protocol, 17 men (21 ± 3 
yrs, 64 ± 6 kg fat-free mass (FFM)) underwent three, 3h hyperhydration protocols during which 
they ingested, over the first 60 min period, 30 mL/kg FFM of water with 1) an artificial sweetener 
(WIH); 2) an artificial sweetener + 7.45 g/L of table salt (SIH) or; 3) an artificial sweetener + 1.4 
g glycerol/kg FFM (GIH). Changes in bodyweight (BW), urine production, fluid retention, 
hemoglobin, hematocrit, plasma volume and perceptual variables were monitored throughout the 
3h trials.    
RESULTS: After 3h, SIH was associated with significantly (p<0.05) lower hemoglobin, 
hematocrit (SIH: 43.1 ± 2.8%; GIH: 44.9 ± 2.4%) and urine production, as well as greater BW, 
fluid retention (SIH: 1144 ± 294 mL; GIH: 795 ± 337 mL) and plasma volume (SIH: 11.9 ± 
12.0%; GIH: 4.0 ± 6.0%) gains, compared with GIH and WIH. No significant differences in heart 
rate or abdominal discomfort were observed between treatments. 
CONCLUSION: Our results indicate that SIH is a superior hyperhydrating technique than, and 
proves to be a worthwhile alternative to, GIH.  
Keywords: Hyperhydration techniques· Fluid balance · Hydration · Glycerol · Sodium  
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2.2 RÉSUMÉ 
BUT: L’utilisation du glycérol, considéré comme étant l’agent hyperhydratant par excellence, est 
interdit par l’Agence Mondiale Anti-dopage depuis 2010. Vu son effet sur les osmorécepteurs, le 
sodium pourrait remplacer le glycérol comme agent hyperhydratant. Or, cette étude compare 
l’hyperhydratation induite par le sodium (SIH), le glycérol (GIH) et l’eau (WIH) sur l’équilibre 
hydrique.     
MÉTHODES: À l’aide d’un devis chassé-croisé randomisé et contre-balancé à double aveugle, 
17 hommes (21 ± 3 ans, 64 ± 6 kg masse maigre (MM)) ont complété trois protocoles 
d’hyperhydratation de 3h. Pendant la première heure, ils ont consommé 30 mL/kg MM d’eau 
avec 1) un édulcorant (WIH); 2) un édulcorant + 7.45g/L de sel de table (SIH) ou; 3) un 
édulcorant + 1.4g de glycérol/kg MM (GIH). Le poids corporel (PC), la production d’urine, la 
rétention de liquide, l’hémoglobine, l’hématocrite, les changements de volume plasmatique et les 
sensations perceptuelles furent mesurées tout au long des expérimentations.     
RÉSULTATS: Après 3h, l’hémoglobine, l’hématocrite (SIH: 43.1 ± 2.8%; GIH: 44.9 ± 2.4%) et 
la production d’urine étaient significativement (p<0.05) moins élevées pour SIH que GIH et 
WIH. Le PC, la rétention de liquide (SIH: 1144 ± 294 mL; GIH: 795 ± 337 mL) et 
l’augmentation du volume plasmatique (SIH: 11.9 ± 12.0%; GIH: 4.0 ± 6.0%) étaient 
significativement (p<0.05) plus élevés avec SIH que GIH ou WIH. La fréquence cardiaque et 
l’inconfort abdominal étaient similaires entre les conditions.  
CONCLUSION: Nos résultats indiquent que SIH est supérieur à GIH et donc que le sodium 
pourrait remplacer le glycérol étant qu’agent hyperhydratant par excellence.  






 It is the position of the American College of Sports Medicine that dehydration-induced 
bodyweight (BW) losses ≥ 2% impair endurance exercise performance (Sawka et al. 2007). 
According to the “cardiovascular model of dehydration”, hypohydration causes progressive 
cardiovascular drift and reduces the body’s ability to thermoregulate (Montain and Coyle 1992), 
both of which act in concert to impair exercise performance (Cheuvront et al. 2003). However 
well this model holds during fixed or incremental intensity endurance exercise, it apparently does 
not when exercise is carried out in a way that mimics out-of-doors exercise conditions, i.e., 
during time-trial exercises.  
 
 Indeed, recent findings have demonstrated that running (Dion et al. 2013) and cycling 
(Goulet 2011) time-trial performances are unaltered with exercise-induced BM losses ≥ 2%, but 
that under conditions comprising fixed exercise intensities, they are (Gigou et al. 2012). 
Moreover, it has been reported that drinking below the sensation of thirst hinders cycling time-
trial performance and that drinking above it offers no meaningful performance advantage during 
running (Dion et al. 2013) and cycling (Goulet 2011) exercises. 
Notwithstanding, our knowledge of the impact of dehydration on endurance performance is 
limited due to important gaps in the literature, one of which relates to our inability to predict its 
effect on exercise bouts > 120 min (Dugas et al. 2009). Hence, until controlled experimental 
studies undermine the impact of dehydration on endurance and ultra-endurance performances, it 
may be wiser for the moment to make the recommendation to athletes competing in such events 
to try and minimise cardiovascular drift, core temperature increases and thirst development.  
 
 Pre-exercise hyperhydration (PEH) has been shown to reduce dehydration-induced 
increases in heart rate (Moroff and Bass 1965; Nadel et al. 1980; Latzka et al. 1997; Goulet et al. 
2008; Gigou et al. 2012), heat storage (Moroff and Bass 1965; Grucza et al. 1987; Lyons et al. 
1990; Gigou et al. 2012) and sensation of thirst (Goulet et al. 2008; Gigou et al. 2012) compared 
with pre-exercise euhydration (PEE). Perhaps of greater relevance to athletes competing under 
real-world conditions is that it has been demonstrated that PEH does not alter running economy 
(Beis et al. 2011) nor uphill running time-trial performances (Gigou et al. 2012), suggesting that 
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the excess BW does not burden athletes during exercise. Considering the above, PEH could be 
beneficial for athletes participating in events > 120 min where fluid consumption may be 
impractical (e.g., swim portion of an IronmanTM race), restricted due to race regulations (e.g.,
Marathon des Sables) or voluntarily reduced due to gastrointestinal distress or a loss of interest to 
drink, all of which may lead to substantial dehydration and thirst development (Goulet 2012).  
In 2007, a meta-analysis by Goulet and colleagues demonstrated that fluid retention was 
greater following glycerol-induced hyperhydration (GIH) than water-induced hyperhydration 
(WIH). However, consumption of exogenous glycerol has recently been prohibited by the World 
Anti Doping Agency (WADA) because of its dope-masking properties (Koehler et al. 2011). 
Therefore, the hyperhydrating power of other substances needs to be investigated.  
Sodium is the most abundant extracellular cation, and therefore a primary determinant of 
plasma osmolality and extracellular fluid volume (Nose et al. 1988). Moreover, it has a potent 
effect on osmoreceptors and anti-diuretic hormone (ADH) secretion, which promotes water 
reabsorption from the kidney tubules (Greenleaf 1992). Hence, ingestion of an isotonic or slightly 
hypertonic saline solution should substantially increase extracellular fluid volume and attenuate 
urine excretion compared with WIH. To this effect, several studies have successfully used 
sodium loading as a means of expanding plasma volume (Greenleaf and Brock 1980; Greenleaf 
et al. 1997; Greenleaf et al. 1998a; Greenleaf et al. 1998b; Coles and Luetkemeier 2005; Sims et 
al. 2007a; Sims et al. 2007b; Sims et al. 2008). However, most of these studies provided 
relatively small fluid volumes (i.e., ~ 10 mL/kg BW), making it impossible to determine whether 
or not sodium is as potent a hyperhydrating agent as glycerol.  
Recently, results of a study comparing the effects of PEE and sodium-induced 
hyperhydration (SIH) on endurance performance suggested that the ingestion of 26 ml/kg BW of 
a 130 mmol/L sodium solution promotes a level of fluid retention (~1200 mL) comparable to that 
seen with GIH (Gigou et al. 2012). Unfortunately, no direct comparisons between WIH, SIH and 




 Therefore, the purpose of this study was to compare the effects of WIH, SIH and GIH in 
order to determine the suitability of SIH as a replacement for the GIH technique. It was 
hypothesized that SIH and GIH would have a similar effect on fluid balance responses and prove 






  Seventeen unacclimatized, healthy and recreationally trained (4-8 h of training/week) 
males (age: 21 ± 3 yrs (mean ± SD); height: 182 ± 5 cm; BW: 79 ± 10 kg; fat-free mass (FFM): 
64 ± 6 kg; % fat mass: 15 ± 6 %; body mass index: 24 ± 3 kg/m2; resting heart rate: 63 ± 9 
beats/min) participated in the study. Inclusion criteria were: 1) to be aged between 18 and 50 yrs 
old; 2) to have no known health problems and; 3) to be training ≥ 4 h/week. Exclusion criteria 
were: 1) supplementation with creatine monohydrate; 2) use of diuretics or other drugs that could 
interfere with water homeostasis; 3) high blood pressure (≥ 140/90 mmHg); 4) known intolerance 
to the ingestion of high fluid loads and; 5) being in the process of heat acclimatization. The 
protocol was thoroughly explained, and subjects gave their written informed consent to participate 
in this study. The University of Sherbrooke’s Institutional Review Board approved all 
experimental procedures. 
Study overview  
 
 Following a preliminary visit, subjects underwent three, 180 min hyperhydration trials 
(GIH, SIH and WIH) separated by 7 days and conducted at the same time of day. Trials were 
administered in a double blind, randomized and counterbalanced fashion. Fluid intake was limited 
to the first 60 min of the experiments, but physiological and perceptual measurements were taken 







During the preliminary visit, subjects' BW, height, body composition, resting heart rate 
and blood pressure were determined. Post-void, nude BW was measured to the nearest 50 g with 
a digital scale (Seca 707, Seca, Germany), height with a wall stadiometer, fat mass and FFM with 
dual-energy X-ray absorptiometry (Lunar Prodigy, GE Healthcare, USA), resting heart rate after 
a 3-minute seated rest period with a Polar S810 heart rate monitor (Polar USA, USA) and blood 
pressure with an automated sphygmomanometer (Welch Allyn, USA). 
Pre-experimental procedures 
Subjects were asked to 1) refrain from dietary supplement intake 48 h prior to all 
hyperhydration trials; 2) keep track, with the aid of an electronic scale and food log, of food and 
fluid intake 24 h before the first trial, as they would have to replicate this diet before subsequent 
experimentations and; 3) undergo the same physical activities during the 24 h leading to each 
trial, but to restrain from long (≥ 2 h) or high intensity exercise. No physical activity was to be 
undertaken during the 8 h prior to arrival at the laboratory. To standardize sleep and promote 
euhydration on experimental days, subjects were respectively asked to go to bed at identical times 
and to consume 500 mL of water 2 h before bedtime the nights before trials. Lastly, in an effort to 
standardize hydration, hormonal and nutritional status, participants were required to ingest a 240 
kcal (4g fat, 41g carbohydrate, 10g protein), 237 mL nutritional drink (BoostTM, Nestlé,
Switzerland) with 200 mL of water 2 h prior to the trials, after which they remained in a fasted 
state.  
Experimental protocol 
Upon arriving at the laboratory, subjects' clothing and shoes were weighed with a digital 
toploading scale (Symmetry, Cole Parmer, USA) and room ambient temperature (DVTH, Supco, 
USA) and relative humidity (psychometric chart) were measured. Then, subjects voided their 
bladder as completely as possible, provided a urine sample and a BW measurement, corrected for 
clothing and shoes weight, was determined with a high precision scale (BX-300+, Altron 
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Systems, USA). Next, volunteers were instrumented with a heart rate monitor (Polar Vantage NV, 
Polar USA) and chest electrode (T-31 Polar electrode, Polar USA) after which they sat quietly for 
20 min. Afterwards, measurements of heart rate and perceived heat stress (1-7 scale: 1 = too cool; 
7 = too hot), thirst (1-11 scale: 1 = no thirst; 11 = extreme thirst) and abdominal discomfort (1-5 
scale: 1 = no discomfort; 5 = extreme discomfort) were obtained. Thereafter, a finger prick was 
performed to collect capillary blood, subjects voided their bladder, provided a urine sample and a 
corrected measurement of BW was again taken. Subjects then started the 180-min long 
hyperhydration protocols during which urine collection and measurements of BW, urine specific 
gravity, urine colour, heart rate and perceived heat stress, thirst and abdominal discomfort were 
obtained every 20 min. Further, urine osmolality, hematocrit and hemoglobin were measured 
every 60 min. Subjects remained seated throughout the trials except when they had to void their 
bladder or be weighed. 
Hyperhydration protocols 
To induce hyperhydration, subjects drank a total water volume of 30 mL/kg FFM with 1) 
4.7 g/L of a tangerine and grapefruit-tasting artificial sweetener (Crystal Light, Kraftfoods, USA) 
(WIH trial) (18 mOsmol/kg); 2) 7.45 g/L of table salt + 6.2 g/L of a tangerine and grapefruit-
tasting artificial sweetener (SIH trial) (247 mOsmol/kg) or; 3) 1.4 g glycerol/FFM + 4.7 g/L of a 
tangerine and grapefruit-tasting artificial sweetener (GIH trial) (519 mOsmol/kg). A greater 
quantity of the artificial sweetener was added to SIH to augment palatability of the solution. The 
quantity of glycerol incorporated in the GIH solution was based on the mean dosage used in 
previous GIH studies (Goulet et al. 2007), whereas the sodium concentration of the SIH solution 
was based on the SIH protocol used by Gigou et al. (2012). The hyperhydration solutions were 
provided at 2°C and ingested at a rate of 7.5 mL/kg FFM every 20 min (starting at min 0) for the 
first 60 min of the trials. This rate of fluid ingestion was chosen because it has been shown to 
produce no side-effects during SIH (Gigou et al. 2012).  
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Measurement procedures 
Urine specific gravity, osmolality, colour and sodium concentration 
Urine specific gravity and osmolality were respectively determined with a hand-held 
refractometer (PAL-10S, Atago, USA) and the freezing point depression technique (Micro 
Osmometer, Osmette, Precision Systems Inc., USA). Urine colour was estimated with an 8-level 
colour scale in a well-lit room immediately after collection (Armstrong et al. 1998). Urine 
sodium concentration was measured using the ion selective electrode technique (Modular 
Analytics, Roche, Switzerland) 
Hematocrit, hemoglobin and plasma volume changes 
After their hand had been sandwiched between two plastic bags containing 40-45°C water 
for 10 min, the subjects’ index or middle finger was pricked using a high volume lancet (Unistik 
3 Dual, Owen Mumford, UK). After removal of the first drop of blood, ~20L of blood was 
collected with two HemoPoint H2 Microcuvettes (Alere, USA). Each Microcuvette was then 
analyzed with a HemoPoint H2 photometer (Alere, USA) for hemoglobin and hematocrit. In our 
laboratory, the within and between Microcuvette test-retest coefficient of variations for 
hemoglobin and hematocrit measurements are respectively 0.44% and 4.2%. Capillary 
hemoglobin and hematocrit have been demonstrated to be slightly higher than (~1.5-2%) and 
highly correlated (r=0.90-0.93) with values derived from venous blood (Hutler et al. 2000). 
Percent changes in plasma volume were calculated with the equation proposed by Dill and Costill 
(1974).  
Statistical analyses 
Normality of distribution was tested using the Shapiro-Wilk test. When normally distributed, data 
were analyzed using either paired t-tests, one-way repeated measures analyses of variance 
(ANOVA) or two-way (treatment x time) repeated measures ANOVA, with Greenhouse-Geisser 
corrections when sphericity was violated. Abnormally distributed data were tested with 
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Friedman's ANOVA and Wilcoxon rank-signed test analyses, using the Asymptotic test to 
calculate significance.  Alpha values were corrected with the false discovery rate procedure when 
multiple pairwise-comparisons were performed. A second-order polynomial regression model 
was used to estimate the kinetic of sodium excretion through urine. The primary outcome of 
interest in the present study was the change in total fluid retention between hyperhydration trials. 
On the basis of an estimated within subject standard deviation of 250 mL for total fluid retention 
on repeated hyperhydration trials, a power analysis (=0.05, =0.2) revealed that 13 subjects 
would provide sufficient power to detect a change of 300 mL in total fluid retention between GIH 
and SIH. Data reported in text are means ± SD, those in figures are means ± SEM, and 
significance was taken as p≤0.05. Analyses were performed with the IBM SPSS Statistics 
software (version 21, New York, USA).  
2.5 RESULTS 
Laboratory Temperature and Relative Humidity 
A significant time (p=0.02), but no treatment (p=0.69) or interaction (p=0.36), effect was 
found for ambient temperature changes from the start (22.6 ± 1.1°C) to the end (24.1 ± 0.8°C) of 
the 3 h hyperhydration trials. On the other hand, relative humidity remained constant (50 ± 4%) 
throughout the experiments (p=0.80).  
State of Hydration of Subjects Before the Experimental Trials 
Subjects were adequately and similarly hydrated prior to starting all three hyperhydration 
trials. Non-significant differences in BW, hematocrit, heart rate and urine specific gravity, 
osmolality, colour and volume support this, as reported in Table 1. 
Total Fluid, Sodium and Glycerol Intake 
Based on an average FFM level of 64 ± 6 kg, subjects ingested a total of 1951 ± 168 mL 




glycerol (1.1 ± 0.1 g/kg BM) (GIH trial), 14.5 ± 1.3 g of table salt (7.45 g/L) (SIH trial) or no 
added solutes (WIH trial). 
 
Urine Production and Fluid Retention 
 
 A significant interaction effect (p<0.01) was observed for the changes in urine production 
over time during the hyperhydration trials, with a peak urine production occurring at min 60 with 
SIH (183 ± 126 mL) and GIH (329 ± 113 mL), compared to min 120 with WIH (352 ± 114 mL). 
Peak urine production was significantly lower with SIH than with GIH (p<0.01) or WIH 
(p<0.01), with no difference between WIH and GIH (p=0.45). Changes in accumulated urine 
production over time (Figure 1A) were significantly different between all experiments (p<0.01), 
with SIH, GIH and WIH respectively associated with total urine volumes of 784 ± 310 mL (10.2 
± 4.3 mL/kg BW), 1212 ± 323 mL (15.6 ± 4.8 mL/kg BW) and 1829 ± 271 mL (23.6 ± 4.5 
mL/kg BW). Regardless of the hyperhydrating solution, peak accumulated fluid retention (Figure 
1B) occurred at the 80-minute mark (SIH: 1631 ± 244 mL, GIH: 1532 ± 239 mL; WIH: 1498 ± 
294 mL), with a significant difference found between SIH and WIH only. Relative to BW, peak 
accumulated fluid retention for SIH, GIH and WIH were respectively 20.8 ± 2.5 mL/kg, 19.5 ± 
2.7 mL/kg and 19.0 ± 2.4 mL/kg. At the end of trials, accumulated fluid retention was 
significantly different between the three treatments, with total body water increases of 1144 ± 
294 mL (14.6 ± 3.6 mL/kg BW), 795 ± 337 mL (10.0 ± 4.0 mL/kg BW) and 90 ± 268 mL (1.0 ± 
3.6 mL/kg BW) for SIH, GIH and WIH, respectively (p<0.01). Changes in BW over time were 
significantly different between all experiments (p<0.01) and mirrored those of fluid retention. At 
the end of the SIH and GIH trials subjects had respectively gained 0.9 ± 0.3 and 0.6 ± 0.4 kg, 
whereas they had lost 0.08 ± 0.26 kg with WIH.  
 
Urine Osmolality, Specific Gravity and Colour  
 
 After the initial hour of experimentation, urine osmolality was ~75% lower in all trials 
compared to baseline (p<0.01) (Figure 2A). It increased steadily thereafter with SIH and GIH but 
not with WIH. As such, at the end of trials, urine osmolality was significantly lower with WIH 




mOsmol/kg, p<0.01), with no differences between SIH and GIH (p=0.17). Urine specific gravity 
fluctuated similarly to urine osmolality, and significantly decreased by ~ 1.5% (p<0.01) during 
the initial hour of all experimentations before slowly increasing with SIH and GIH but not with 
WIH (Figure 2B). Urine specific gravity was significantly different between all hyperhydration 
trials at the 3 h mark (SIH: 1.015 ± 0.003 g/mL; GIH 1.018 ± 0.002 g/mL; WIH: 1.004 ± 0.004 
g/mL, p<0.01). A significant interaction effect was observed for the changes in urine colour 
between trials, with the WIH trial producing paler urine than either the SIH (p<0.01) or GIH 
(p<0.01) trials (Figure 2C). No differences in urine colour were found between SIH and GIH 
(p=0.07).  
 
Urinary Sodium Excretion (SIH trial) 
 
 Figure 3A shows the mean urinary sodium excretion at baseline and every 60 min during 
the SIH trial. A time effect was observed (p<0.01), with baseline being significantly (p<0.05) 
different than min 60, 120 and 180, and min 60 from min 180 (p=0.03). Estimated kinetic of 
sodium excretion over time suggests that ~61 mEq of sodium was eliminated through urine 
during the 3 h SIH trial (Figure 3B). 
 
Hemoglobin, Hematocrit and Plasma Volume Changes 
 
 Changes in hemoglobin and hematocrit mirrored each other for all trials. Therefore, to 
avoid redundancy, only hematocrit values are graphically reported (Figure 4A). Both hemoglobin 
and hematocrit decreased steadily throughout the SIH trial and remained relatively constant with 
WIH. On the other hand, both decreased during the initial hour of GIH, remained stable for the 
next 60 min and then slightly increased until the 3 h mark. Hence, a significant interaction effect 
was found for both hematocrit and hemoglobin (p<0.01). Hematocrit values for SIH, GIH and 
WIH respectively corresponded to 45.6 ± 2.3%, 45.9 ± 2.5% and 45.6 ± 3.7% at baseline 
compared to 43.1 ± 2.8%, 44.9 ± 2.4% and 46.0 ± 2.4% after 180 min. Concerning plasma 
volume changes (Figure 4B), a significant interaction effect was observed between trials 
(p<0.01), as fluctuations contrasted those of hemoglobin and hematocrit. More specifically, at 
trial termination, plasma volume changes were significantly greater with SIH (11.9 ± 12.0%) than 
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with GIH (4.0 ± 6.0%, p=0.02) or WIH (-0.7 ± 10.0%, p<0.01). No significant differences were 
observed between GIH and WIH at that time point (p=0.14).    
Heart rate, Abdominal Discomfort and Perceived Thirst and Heat Stress 
Two-way repeated measures ANOVA revealed a significant treatment effect for heart rate 
across trials (p<0.01). However, pairwise comparisons failed to show any significant differences 
between treatments. No significant differences were observed across trials with respect to 
perceptual variables. However, a significant time effect was found for all of them. As 
demonstrated in Table 2, perceived thirst and heat stress considerably diminished during the 
initial 80 min of all experimentations and started to increase thereafter. However, by the end of 
all trials, perceived thirst and heat stress were still below baseline values. Oppositely, abdominal 
discomfort slightly increased during the first 80 min of all trials after which it started to slowly 
decrease, reaching baseline values by trial termination.  
2.6 DISCUSSION 
For the past 20 years, GIH has been considered the “gold standard” hyperhydration 
technique (Riedesel et al. 1987; Lyons et al. 1990; Montner et al. 1996; Montner et al. 1999; 
Anderson et al. 2001; Coutts et al. 2002; Magal et al. 2003; Goulet et al. 2008; McCullagh et al. 
2013). However, glycerol has recently been forbidden by the WADA on the premise that ensuing 
plasma volume expansions may mask doping substances (Koehler et al. 2011). Hence, the 
purpose of this study was to determine, for the first time, how SIH compares to GIH and WIH 
with respect to fluid balance responses and whether it could conveniently replace GIH as the 
“gold standard” hyperhydration technique. We hypothesised that SIH would impact fluid balance 
responses in a way similar to GIH, but promote greater fluid retention than WIH. This turned out 
to be partially true, as participants not only retained a significantly larger fluid volume with SIH 
than WIH, but also compared to GIH. This clearly shows that SIH is a potent replacement for 
GIH. Hence, the present findings are likely to have practical implications for coaches, athletes 
and health-related practitioners.    
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In a recent meta-analysis, Goulet et al. (2007) reported that, on average, studies 
comparing the effect of GIH and WIH administered 24 mL/kg BM of fluid with 1.1 g/kg BW of 
glycerol, which compares favourably well with the amount of fluid and glycerol administered in 
the current study. It was further reported that the average amount of fluid retained 136 minutes 
after the onset of hyperhydration was 12.9 mL/kg BW with GIH and 5.2 mL/kg BW with WIH. 
These results are in close agreement with those of the present study, as fluid retention reached 
10.9 and 4.7 mL/kg BW at the 140-min mark with GIH and WIH, respectively. The congruence 
between the aforementioned findings and those found in the literature likely implies that valid 
and meaningful inferences can be made from the fluid retention results obtained from our SIH 
trial.    
Although there is a paucity of literature examining the impact of SIH on fluid balance, several 
authors have investigated the effects of sodium-loading on fluid retention. However, the average 
volumes of fluid ingested (~10 mL/kg BW) in these studies were more than twice as small as that 
provided in the present study, rendering any comparisons unreasonable (Goulet et al. 2007; 
Mora-Rodriguez and Hamouti 2012). To our knowledge, Gigou et al. (2012) are the only 
investigators to have induced hyperhydration with a sufficient amount of sodium and liquid to be 
fairly compared with our SIH protocol. They found that after a 110 min hyperhydration period 
during which highly trained endurance athletes ingested 26 ml/kg BW of a sodium solution (7.5 g 
sodium/L), fluid retention reached 14.8 mL/kg BW. Our results demonstrate a very similar trend, 
as fluid retention respectively attained 17.0 and 16.1 mL/kg BW at min 100 and 120 of the SIH 
trial. Combined with those of Gigou et al. (2012), our findings confirm the ability of SIH to 
produce significant fluid retention.     
Fluid retention at the end of the 3 h hyperhydration protocol was significantly and 
substantially more important with SIH than GIH or WIH, clearly highlighting the superiority of 
sodium as a hyperhydrating agent. Water-induced hyperhydration had a weak impact on fluid 
retention since it has been demonstrated to produce a steep decrease in plasma osmolality and 
ADH concentration (Freund et al. 1995). The GIH-associated (1001 ± 87 mOsmol) osmolar load 
was 110% greater than that of SIH (476 ± 42 mOsmol), yet fluid retention was less important 
with GIH. This highlights the fact that the fluid-retaining capacity of GIH is independent of 
increased plasma osmolality or ADH level (Freund et al. 1995; Melin et al. 2002). Instead, it is 
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believed that glycerol reabsorption by the kidney tubules increases the concentration gradient of 
the renal medulla, thereby promoting water reabsorption from the renal filtrate (Robergs and 
Griffin 1998). The mechanisms responsible for fluid retention with SIH, on the other hand, are 
currently unknown. Nonetheless, we postulate that the most likely fluid conserving mechanism 
associated with SIH relates to maintained or slightly accrued ADH concentrations despite 
increased body water. Indeed, based on the estimated kinetic of sodium losses through urine 
during the 3 h hyperhydration protocol and assuming 1) that the SIH solution was completely 
integrated into the body and sequestered into the extracellular water compartment; 2) a baseline 
plasma osmolality of 290 mOsmol/kg and; 3) an extracellular fluid compartment of 20.4 L 
(Greenleaf 1992; St-Onge et al. 2004) plasma osmolality may well have been in the vicinity of 
291 mOsmol/kg at the end of the SIH trial. If our computation is correct, then it may suggest that 
during SIH the body excreted just enough urine to keep plasma osmolality within the normal 
range. Hence, had we provided an isotonic or hypertonic sodium solution it is possible that fluid 
retention would have been even greater. Altogether, maintenance of plasma osmolality or even a 
slight and sustained stimulation of osmoreceptors, despite hypervolemia, could serve as a potent 
mechanism to induce hyperhydration. Future research is needed to pinpoint the fluid-conserving 
mechanisms underlying SIH efficacy.    
It has been demonstrated that urine specific gravity, osmolality and colour are 
closely intertwined (Armstrong et al. 1998). Therefore, it is not surprising that during the 
drinking periods, when urine output increased significantly, all of these markers decreased 
sharply. Shortly after, however, these variables returned towards baseline to a greater 
extent with SIH and GIH than WIH. Although a major reason for this observation is that 
urine production was far less voluminous after drinking with SIH and GIH, another is that 
more solutes were excreted in urine with these treatments. These observations are unique 
since, to the best of our knowledge, we are the first to have simultaneously measured urine 
specific gravity, osmolality and colour in a repeated fashion over the duration of a hyperhydration 
protocol.  
In the present study, SIH had a potent effect on plasma volume expansion. In fact, 
although plasma volume gains were similar between the SIH and GIH trials at the 120 min mark 
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(8.3% vs 7.9%, respectively), by trial termination, SIH-associated plasma volume expansion was 
three times greater than that observed with GIH (12% vs. 4%, respectively). The plasma volume 
change observed at the end of the GIH trial agrees fairly well with those reported by Freund et al. 
(1995) (4.5%) and Jimenez et al. (1999) (5.0%). Moreover, Coutts et al. (2002) observed plasma 
volume gains approximating 6.6% 2 h after GIH initiation, which is similar to what we observed 
at that time point during the GIH trial. In comparison, sodium-loading studies have observed 
plasma volume increases ranging from 3% to 8% following the ingestion of 10 mL/kg BW of 
highly concentrated (~160 mmol/L) sodium solutions (Greenleaf et al. 1997; Greenleaf et al. 
1998a; Greenleaf et al. 1998b; Coles and Luetkemeier 2005; Sims et al. 2007a; Sims et al. 
2007b). In another study, Greenleaf and Brock (1980) found that 60 min following the ingestion 
of a 16-17 mL/kg BW 0.9% saline solution, plasma volume increased by ~11%, and by ~7% after 
ingesting an identical volume of a 1.5% saline solution. The fact that the latter studies observed 
plasma volume gains equal or superior than those found with GIH, despite lower fluid provision, 
testifies to the superior potency of sodium to induce hypervolemia. This can be explained by the 
fact that sodium is almost exclusively constrained to the extracellular space, whereas membrane-
permeable glycerol diffuses throughout fluid compartments (Robergs and Griffin 1998). Hence, 
sodium intake increases extracellular osmotic pressure, which forces liquid into the interstitial 
and intravascular spaces. Because several studies have demonstrated increased exercise capacity 
following acute plasma volume expansion (Greenleaf et al. 1997; Coles and Luetkemeier 2005; 
Sims et al. 2007a; Sims et al. 2007b), the current findings may have important implications for 
athletes of all calibers looking for legal ways to improve physical performance.  
In 2010, the WADA banned the use of glycerol because it is believed that the plasma 
volume expansion it creates can potentially hide the presence of various doping substances. 
Considering this, the findings of the present investigation raise an important issue with respect to 
drug testing in athletes. Indeed, we demonstrated that plasma volume expansion with SIH largely 
surpassed that of GIH and that indices of blood manipulation markers such as hemoglobin and 
hematocrit were both significantly decreased with SIH. Hence, SIH could potentially serve, and 
be used by athletes, as a new drug-masking tool. Results of the current investigation need to be 
examined with scrutiny by doping agencies.  
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Surprisingly to us, only one participant abandoned the experiment due to gastrointestinal 
complaints. However, these did not appear to be related to fluid composition but rather to fluid 
overloading, since discomfort was equally observed in the two trials the subject completed (WIH 
and GIH). Otherwise, all hyperhydration solutions appeared to be well and equally tolerated by 
study participants, since abdominal discomfort only slightly increased over time and did not 
differ at any time-points between any of the trials. This confirms the findings of previous 
hyperhydration studies from our laboratory suggesting that the SIH and GIH protocols used in 
this investigation are well tolerated by humans (Goulet et al. 2008; Gigou et al. 2012).  
The present study has some strength worth mentioning. First, we studied a large cohort of 
subjects (n=17). Hence, the present study has an important inferential power. Second, a simple, 
table salt-based solution was used in this study, rendering SIH easy and accessible to athletes. 
Third, the total fluid administered was computed from FFM levels, instead of BW. This is 
important, because body composition influences the proportion of BW that is attributable to 
water (Greenleaf 1992). Hence, administering fluid volume according to FFM accounts for 
differences in body composition, insuring to standardize participants' responses to any given 
treatments. On the other hand, a weakness of this study is that the hyperhydration phases were 
not followed by an exercise bout, which prevented us comparing the effects of the three 
hyperhydration strategies on performance. However, the objective of this study was to compare 
the effects of SIH, GIH and WIH on fluid balance, not exercise performance. 
In conclusion, this study demonstrates that SIH promotes greater fluid retention and plasma 
volume gains than either GIH or WIH. Considering that pre-exercise SIH is legal by WADA 
standards, future research is needed to investigate how it impacts endurance performance, 
compared to a state of PEE or WIH. Research is also required to shed light on the mechanisms 
underlying the effect of SIH on fluid retention.  
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GIH SIH WIH 
Body mass (kg) 78.9 ± 9.4 78.9 ± 9.6 79.2 ± 10.0 0.42 
Hematocrit (%) 46 ± 4 46 ± 4 46 ± 2 0.79 
Heart rate (bpm) 73 ± 11 72 ± 10 72 ± 13 0.72 
Urine specific gravity (g/mL) 1.016 ± 0.007 1.016 ± 0.007 1.015 ± 0.007 0.59 
Urine osmolality (mOsmol/kg) 633 ± 263 685 ± 261 637 ± 255 0.69 
Urine colour (arbitrary units) 5 ± 2 5 ± 2 4 ± 1 0.30 
Urine volume (mL) 216 ± 165  213 ± 148 229 ± 238 0.94 
Results are mean ± SD. GIH: Glycerol-induced hyperhydration; SIH: Sodium-induced 








Perceived thirst* Perceived heat-stress* Abdominal discomfort* 
WIH SIH GIH WIH SIH GIH WIH SIH GIH 
0 5.4 ± 2.7 5.4 ± 2.3 4.7 ± 2.2 4.8 ± 1.1 4.6 ± 1.0 4.4 ± 0.9 1.0 ± 0 1.0 ± 0 1.0 ± 0 
20 3.6 ± 2.0 3.9 ± 1.8 2.9 ± 1.2 3.9 ± 0.7 3.6 ± 1.1 3.8 ± 0.9 1.1 ± 0.2 1.1 ± 0.3 1.1 ± 0.3 
40 2.9 ± 1.9 2.6 ± 1.6 2.8 ± 1.6 3.4 ± 0.8 3.1 ± 0.8 3.2 ± 1.1 1.3 ± 0.6 1.5 ± 0.5 1.5 ± 0.6 
60 2.1 ± 1.4 2.1 ± 1.5 1.9 ± 0.9 3.2 ± 0.7 2.8 ± 0.8 3.0 ± 1.2 1.4 ± 0.7 1.8 ± 1.0 1.5 ± 0.9 
80 1.9 ± 1.1 1.9 ± 1.5 1.8 ± 1.0 2.8 ± 1.0 2.5 ± 0.6 2.7 ± 1.0 1.5 ± 0.9 1.6 ± 0.9 1.6 ± 0.7 
100 2.0 ± 1.0 2.1 ± 1.6 2.1 ± 1.2 3.0 ± 0.9 3.2 ± 0.7 3.3 ± 0.9 1.4 ± 0.8 1.6 ± 1.1 1.4 ± 0.8 
120 2.5 ± 1.6 2.8 ± 1.7 2.3 ± 1.4 3.9 ± 0.5 3.5 ± 0.8 3.8 ± 0.8 1.1 ± 0.2 1.6 ± 1.1 1.1 ± 0.3 
140 3.2 ± 2.1 3.1 ± 1.9 2.9 ± 1.7 4.1 ± 0.4 3.6 ± 0.7 4.0 ± 0.6 1.0 ± 0 1.2 ± 0.6 1.0 ± 0.0 
160 3.5 ± 2.4 3.3 ± 2.1 3.4 ± 1.9 4.1 ± 0.4 4.0 ± 0.9 3.9 ± 0.8 1.0 ± 0 1.1 ± 0.5 1.0 ± 0.0 
180 3.8 ± 2.3 3.6 ± 2.2 3.4 ± 2.1 4.1 ± 0.7 4.0 ± 0.9 4.2 ± 0.5 1.0 ± 0 1.1 ± 0.3 1.1 ± 0.2 
 Results are mean ± SD. GIH: Glycerol-induced hyperhydration; SIH: Sodium-induced hyperhydration; WIH: Water-induced 
hyperhydration. * significant time effect. 
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2.9 FIGURE LEGENDS 
Figure 1. Changes in accumulated urine production (A) and accumulated fluid retention (B) 
during SIH, GIH and WIH.  
GIH: Glycerol-induced hyperhydration; SIH: Sodium-induced hyperhydration; WIH: Water 
induced hyperhydration.  
Time 0: Represents the onset of drinking.  
Results are means ± SEM.  
* significant treatment effect; ¶ significant time effect; # significant interaction effect.
Figure 2. Changes in urine osmolality (A), specific gravity (B) and colour (C) during SIH, GIH 
and WIH.  
GIH: Glycerol-induced hyperhydration; SIH: Sodium-induced hyperhydration; WIH: Water 
induced hyperhydration.   
Baseline: Prior to starting the hyperhydration trials.  
Results are means ± SEM. 
* significant treatment effect; ¶ significant time effect; # significant interaction effect.
Figure 3. Changes in sodium excretion (A) and estimated kinetic of sodium excretion (B) 
through urine over time during SIH.  
SIH: Sodium-induced hyperhydration. 
For Figure 3A, results are means ± SEM. 
¶ significant time effect.  
Figure 4. Changes in hematocrit (A) and plasma volume (B) during SIH, GIH and WIH.  
GIH: Glycerol-induced hyperhydration; SIH: Sodium-induced hyperhydration; WIH: Water 
induced hyperhydration.   
Baseline: Prior to starting the hyperhydration trials.  
Results are means ± SEM.  












The following discussion is an addition to the one found in the research manuscript 
presented in the methods section of this thesis.  
3.1  Implications of SIH for endurance performance 
It has been demonstrated that pre-exercise GIH improves aerobic exercise capacity 
compared with pre-exercise WIH (Goulet et al., 2007) and euhydration (Goulet et al., 2008). 
Moreover, all studies that have investigated the effects of pre-exercise sodium-loading during 
time-trial or time-to-exhaustion exercise bouts have found it to improve performance (Coles & 
Luetkemeier, 2005; Greenleaf et al., 1997; Sims, Rehrer, et al., 2007; Sims, van Vliet, et al., 
2007). Hence, one could realistically expect pre-exercise SIH to favourably impact endurance 
performance. In the only SIH study of its kind, however, Gigou et al. (2012) showed that pre-
exercise SIH neither improves nor impairs performance during an 18km running time-trial 
undertaken in 28°C heat compared to pre-exercise euhydration. Considering that this study found 
post-exercise BW losses, heart rate, core temperature and thirst to be lesser with pre-exercise SIH 
than pre-exercise euhydration, it is not clear why hyperhydration failed to decrease time-trial 
completion time. One hypothesis is that the duration of effort (≈ 85-min) was not long enough for 
hypohydration-related cardiovascular or thermal stressors to have a meaningful effect on 
performance. The recent findings of Dion et al. (2013) support this, as these authors have 
demonstrated that losing 3.1% BW has no impact on the completion time of a half-marathon (≈ 
90 min) undertaken in the heat compared to losing 1.3% BW, even though dehydration-induced 
increases in heart rate and core temperature were greater with increased BW loss. Another 
possible reason for the blunt effect of pre-exercise SIH on running performance in the study by 
Gigou et al. (2012) is that the 480m vertical climb offset the effects of SIH. Beis, Polyviou, 
Malkova, and Pitsiladis (2011) have recently shown that increasing BW (≈ 1kg) by the means of 
hyperhydration does not impact running economy on a treadmill set to a 1% incline. However, 
the mean treadmill inclination in the study by Gigou et al. (2012), was 2.7% and thus may have 
had an effect on running economy. Considering the beneficial effects of pre-exercise SIH on 
heart rate, core temperature, and thirst during running (Gigou et al., 2012), future research should 
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investigate whether pre-exercise SIH impacts endurance performance across various exercise 
modalities. 
3.2 Future research 
3.2.1 Improving palatability 
Without a doubt, one of the main issues with the SIH solution used in this study is its 
strong and unappealing taste. One way of circumventing this problem would be to separate the 
sodium chloride from the hyperhydrating solution. In an effort to do this, our laboratory has 
recently compared the SIH protocol used in the present study, where the hyperhydrating solution 
was essentially artificially sweetened saline, with a SIH protocol where the sodium chloride was 
ingested with water, but in the form of a pill. Unfortunately, preliminary results show that SIH 
achieved through the ingestion of sodium chloride pills and water is not as effective as SIH 
achieved through the ingestion of a saline solution. These findings are probably due to the fact 
that it takes a certain amount of time for the pills to dissolve in the gastrointestinal tract, which 
delays sodium absorption. Another way to circumvent the unpleasant taste of the saline solution 
would be to replace a fraction of the sodium chloride with sodium citrate, which is what most 
sodium-loading studies have done (Coles & Luetkemeier, 2005; Greenleaf et al., 2001; 
Greenleaf, Jackson, et al., 1998; Greenleaf, Looft-Wilson, et al., 1998; Greenleaf et al., 1997; 
Sims, Rehrer, et al., 2007; Sims, Rehrer, Bell, & Cotter, 2008; Sims, van Vliet, et al., 2007). 
Albeit the sweet and sour taste of sodium citrate may help improve the taste of the SIH solution, 
it is currently unknown whether a solution that combines both sodium chloride and sodium citrate 
would be as efficient as the SIH solution used in the present study for promoting fluid retention 
and plasma volume gains.  
3.2.2 Improving fluid retention 
Although the present study showed that a large volume of liquid (1144 mL) is retained 3 h 




discussion of the manuscript presented in the methods section of this thesis, it was hypothesised 
that the majority of the ingested liquid in the SIH trial was sequestrated in the extracellular fluid 
space because sodium and chloride, the primary solutes contained in the SIH solution, are almost 
exclusively confined to this fluid compartment. Although adding more sodium chloride to the 
SIH solution may enhance fluid retention, further increasing plasma volume should also increase 
pressure diuresis (Guyton & Hall, 2011) and thus provide no further hyperhydrating advantage. 
Hence, the best way to improve SIH-induced fluid retention may be to add an intracellular-bound 
solute to the hyperhydrating solution, which would increase intracellular osmotic pressure and 
draw water into cells.  
 
 One intracellular-bound solute that could be added to the SIH solution is potassium 
because it is the most prevalent ion in the intracellular fluid space (Guyton & Hall, 2011). 
Because inducing hyperkalemia (serum potassium ≥ 5.0 mmol/L) through oral potassium 
ingestion is unlikely in healthy individuals with normal kidney function (Medford-Davis & 
Rafique, 2014), future studies should investigate whether adding this cation to the SIH solution 
further improves fluid retention. Creatine is another intracellular compound that could be used to 
improve fluid retention with SIH. Indeed, research has shown that after a 7-day creatine 
supplementation period, total body water is increased by ≈ 400 to 650 mL (Easton, Turner, & 
Pitsiladis, 2007; Kilduff et al., 2004; Volek et al., 2001), with most of this excess water residing 
within the intracellular fluid space (Easton et al., 2007; Kilduff et al., 2004). Recent studies have 
further shown that total body water can significantly be increased by ≈ 700 to 1000 mL following 
a glycerol and creatine-based hyperhydration protocol (Beis et al., 2011; Easton et al., 2007; 
Polyviou et al., 2012). With the World anti-doping agency having banned the use of glycerol, 
future studies should investigate the effectiveness of a creatine and sodium-based hyperhydration 
protocol.  
4. CONCLUSION  
 
 Considering the plethora of physiological strains posed by decreased body water, it may 
be wise for athletes to delay exercise-induced hypohydration with pre-exercise hyperhydration. 
Unfortunately, the World Anti-Doping Agency has recently banned the use of glycerol because 
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of its water retaining properties, which could potentially help mask changes in doping-relevant 
blood parameters. Hence, GIH, considered by many to be the gold standard hyperhydrating 
technique, can no longer be used by athletes.  
The results presented in this memoire show that athletes could turn to sodium for 
hyperhydration. Indeed, the results show that fluid retention and plasma volume gains are largely 
greater with SIH than GIH. Although these findings may have important implications for athletes, 
they could also pose problems for anti-doping control, as SIH-induced plasma volume gains were 
found to be significantly greater than those induced by GIH.  
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Je suis professeur-chercheur à la Faculté d’éducation physique et sportive de l’Université de 
Sherbrooke. Le but du présent courriel est de solliciter votre aide pour nous aider à recruter des 
participants pour une de nos études. Plus particulièrement, mon équipe de recherche et moi 
sommes à la recherche d’athlètes (sexe masculin) dans le but d’évaluer les effets d’un état 
d’hyperhydratation induite au sodium sur la capacité de rétention de liquide de l’organisme.  
Pour être éligible à l’étude, les athlètes doivent être en santé, âgés entre 18 et 50 ans, et 
s’entraîner au moins 4 heures par semaine. 
Nous vous serions très reconnaissants si vous pouviez transmettre ce courriel à vos athlètes. 
Pour obtenir plus d'informations sur la présente étude, les personnes intéressées sont priées 
de contacter Eric Goulet
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ANNEX B 
Étude en sciences de l’exercice, 
Une équipe de chercheurs de la Faculté d’éducation physique et sportive de l’Université de 
Sherbrooke est à la recherche d’athlètes (sexe masculin) dans le but d’évaluer les effets d’un état 
d’hyperhydratation induite au sodium sur la capacité de rétention de liquides de l’organisme.  
Pour être éligible à l’étude, les athlètes doivent être en santé, âgés entre 18 et 50 ans, et 
s’entraîner au moins 4 heures par semaine. 
Pour obtenir plus d'informations sur la présente étude, les personnes intéressées sont priées 




Hyperhydratation induite au sodium vs. hyperhydratation induite au glycérol : laquelle permet la 
plus grande rétention de liquide? 
Recherchons: 
1. Athlètes (sexe masculin);
2. Âgés entre 18 et 50 ans;
3. S’entraînant au moins 4 heures par semaine.
Implication des participants: 
Nombre de visite au laboratoire: 4  
Durée des visites: entre 2 et 4 heures 
Durée de l’étude: entre 12 et 21 jours 
Ce qui comprend des mesures: 
1. De la masse maigre et grasse;
2. De la composition du sang capillaire
3. Du niveau d’hyperhydratation induite par l’eau
4. Du niveau d’hyperhydratation induite par le glycérol
5. Du niveau d’hyperhydratation induite par le sodium.
Pour obtenir plus d'informations sur la présente étude, les personnes intéressées sont priées 








Code Postal: ________________ 
Téléphone: ________________________________________________ 
Courriel: __________________________________________________ 
Personne que l'on peut rejoindre en cas d'urgence: 
Nom: _________________________________ 
Numéro de téléphone: Maison: _______________________ Bureau: _____________________ 
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ANNEX E 
QUESTIONNAIRE D'HABITUDES D'ENTRAÎNEMENT/COMPÉTITION 
Nom:____________________________ 
Sport pratiqué: ______________________________-- 
Catégorie: Élite ______ Groupe d'âge ______ Sénior 1 ______ Sénior 2 ______ 
Vous vous entraînez sérieusement depuis combien d'années? ______ ans 
Est-ce que vous vous entraînez l'année durant? Oui ______Non ______ 
Vous avez, dans les 12 derniers mois, consacré combien d'heures à la pratique de votre sport 
(englobant tous les aspects de l'entraînement)? ______ heures 
Vous avez, dans les 16 dernières semaines, consacré combien d'heures à la pratique de votre sport 
(englobant tous les aspects de l'entraînement)? ______ heures 
Est-ce que depuis les 14 derniers jours vous vous entraînez dans un climat particulièrement plus 
chaud que la moyenne? 
Oui ______ Non ______ 
Est-ce qu'il est dans vos habitudes de vous hyperhydrater avant une compétition? 




         Nom:___________________________ 
Expérimentation 1 
Jours Restrictions 




- 2  Arrêt de la consommation de suppléments alimentaires
- 1 À partir de         h 
 Contrôle de la diète: inscrire les aliments ainsi que la quantité
dans le carnet de bord
 Contrôle de l'hydratation: inscrire les liquides consommés ainsi
que la quantité dans le carnet de bord
 Suivre la routine d’entraînement, sans n’effectuer de longs
entraînements (+ de 2 heures) ou des entraînements à haute
intensité
 Aucune consommation de diurétique, d'alcool ou de caféine
(café, thé, cola, boisson énergisante, chocolat, chocolat au lait)
 Consommation de 500 millilitres d’eau 120 minutes avant de
vous coucher
 Heure du coucher:  h 
0      Contrôle de la diète: inscrire les aliments ainsi que la quantité
dans le carnet de bord
 Contrôle de l'hydratation: inscrire les liquides consommés ainsi
que la quantité dans le carnet de bord
74 
 Aucune consommation de diurétique, d'alcool ou de caféine
(café, thé, cola, boisson énergisante, chocolat, chocolat au lait)
 8 heures avant l'expérimentation ( h) : arrêt des
entraînements
 2 heures avant l'expérimentation (  h): Consommation 
de la boisson nutritionnelle EnsureTM + 200 ml d’eau
 Après la consommation de la boisson nutritionnelle et de
l'eau vous demeurez à jeun, c'est à dire vous arrêtez toute
consommation de liquides ou de nourritures
Expérimentations 2 et 3 
Jours Restrictions 




- 2 À partir de        h 
 Arrêt de la consommation de suppléments alimentaires
- 1 À partir de        h 
 Contrôle de la diète: consommation identique des aliments
ingérés lors du jour -1 de la 1re expérimentation (voir carnet de
bord)
 Contrôle de l'hydratation: consommation identique des liquides
consommés lors du jour -1 de la 1re expérimentation (voir
carnet de bord)
 Suivre la routine d’entraînement, sans n’effectuer de longs
entraînements (+ de 2 heures) ou des entraînements à haute
intensité
 Aucune consommation de diurétique, d'alcool ou de caféine
(café, thé, cola, boisson énergisante, chocolat, chocolat au lait)
 Consommation de 500 millilitres d’eau 120 minutes avant de
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vous coucher 
 Vous vous couchez à la même heure que celle à laquelle vous
vous êtes couché la nuit qui précéda la 1re expérimentation
 Heure du coucher:     h 
0  Contrôle de la diète: consommation identique des aliments
ingérés lors du jour 0 de la 1re expérimentation (voir carnet de
bord)
 Contrôle de l'hydratation: consommation identique des liquides
consommés lors du jour 0 de la 1re expérimentation (voir carnet
de bord)
 Aucune consommation de diurétique, d'alcool ou de caféine
(café, thé, cola, boisson énergisante, chocolat, chocolat au lait)
 8 heures avant l'expérimentation ( h) : arrêt des
entraînements
 2 heures avant l'expérimentation (  h): Consommation 
de la boisson nutritionnelle EnsureTM + 200 ml d’eau
 Après la consommation de la boisson nutritionnelle et de
l'eau vous demeurez à jeun, c'est à dire vous arrêtez toute




1 Aucun (e) 
2 Léger (ère) 
3 Modéré (e) 
4 Considérable 
5 Extrême 











Perception de la soif 
1 
2 Aucune Soif 
3 
4 Soif Légère 
5 
6 Soif Modérée 
7 
8 Soif Considérable 
9 




Perception de la chaleur 
1 Trop frais 
2 Frais 
3 Confortablement frais 
4 Confortable 
5 Confortablement chaud 
6  Chaud 
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ANNEX L 
FORMULAIRE D’INFORMATION ET DE CONSENTEMENT À LA RECHERCHE 
Titre du projet : Hyperhydratation induite au glycérol vs. hyperhydratation 
induite au sodium: laquelle maximise la rétention de liquide?  
Numéro et date du projet : 11-142 
Chercheur principal : Eric Goulet, Ph.D., professeur-chercheur à la Faculté d’éducation 
physique et sportive de l'Université de Sherbrooke et au Centre de recherche sur le 
vieillissement. 
Nous sollicitons votre participation à un projet de recherche parce que nous voulons 
vérifier les effets d’une stratégie d’hyperhydratation chez des athlètes masculins. 
Cependant, avant d’accepter de participer à ce projet, veuillez prendre le temps de lire, de 
comprendre et de considérer attentivement les renseignements qui suivent.  Si vous 
acceptez de participer au projet de recherche, vous devrez signer le consentement à la fin 
du présent document et nous vous en remettrons une copie pour vos dossiers. 
Ce formulaire d’information et de consentement vous explique le but de ce projet de 
recherche, les procédures, les avantages, les risques et inconvénients, de même que les 
personnes avec qui communiquer au besoin.  Il peut contenir des mots que vous ne 
comprenez pas. Nous vous invitons à poser toutes les questions nécessaires au chercheur 
responsable du projet ou aux autres personnes affectées au projet de recherche et à leur 
demander de vous expliquer tout mot ou renseignement qui n’est pas clair.  
POUR INFORMATION 
Si vous avez des questions reliées à ce projet de recherche, vous pouvez rejoindre, en 
tout temps, Éric Goulet 
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NATURE ET OBJECTIFS DU PROJET DE RECHERCHE 
Il est reconnu que la déshydratation peut réduire la performance en endurance. Pour 
plusieurs raisons, il n’est pas toujours possible pour les athlètes de boire suffisamment de 
liquides pendant l’exercice afin d’empêcher la déshydratation.   
Conséquemment, il pourrait devenir avantageux pour eux de consommer une grande 
quantité de liquide (s’hyperhydrater) avant de débuter un exercice. En effet, en retardant la 
déshydratation, cette stratégie d’hydratation permet d’améliorer la performance en 
endurance.  
Une hyperhydratation induite avec de l’eau seule est peu efficace, puisque cette dernière est 
rapidement éliminée à travers l’urine. Or, pour optimiser l’effet de cette technique, c’est-à-
dire maximiser la rétention de liquide dans l’organisme, les sportifs ont l’habitude 
d’ajouter du glycérol (glycérine) aux liquides ingérés. Par contre, depuis janvier 2010, 
l’utilisation du glycérol est interdite par l’Agence Mondiale Antidopage (AMA). Selon cette 
organisation, le glycérol augmente la quantité de liquide qui circule dans les vaisseaux 
sanguins, et ainsi peut agir comme agent masquant pour des produits dopants. Une 
alternative se doit donc d’être trouvée afin de remplacer l’utilisation du glycérol. 
Nous pensons que l’ajout de sel de table à une solution d’hyperhydratation pourrait 
produire des effets similaires à ceux du glycérol. En effet, il est bien connu que la 
consommation de sodium provoque une rétention de liquide. C’est, entre autres, pour cette 
raison qu’on recommande aux gens qui font de la haute pression de réduire leur 
consommation de sel. Aucune étude n’a encore comparé les effets d’une hyperhydratation 
induite au sodium à ceux d’une hyperhydratation induite au glycérol.    
Le but de la présente étude est donc de comparer, chez 8 sujets entraînés masculins, les 
effets d’une hyperhydratation induite au sodium à ceux d’une hyperhydratation induite au 
glycérol et une hyperhydratation induite à l’eau seule. 
DÉROULEMENT DU PROJET DE RECHERCHE  
Si vous acceptez de participer à l’étude qui sera d’une durée de 12 à 21 jours, selon votre 
choix et vos disponibilités, vous serez invité à vous présenter dans deux différents 
laboratoires pour un total de quatre visites. La première visite sera effectuée au Centre de 
recherche sur le vieillissement de l’Université de Sherbrooke alors que les trois dernières 
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seront effectuées au Laboratoire de performance humaine situé au centre sportif de 
l’Université de Sherbrooke. La première visite sera consacrée à l’explication de l’étude, à 
l’obtention du consentement libre, à remplir un questionnaire d’habitudes d’entraînement 
et à la prise de mesures de base. Lors des trois autres visites, nous évaluerons l’efficacité 
des différentes solutions d’hyperhydratation. La première visite pourra être effectuée selon 
un horaire vous convenant. Les visites 2, 3 et 4 seront effectuées aux mêmes heures afin de 
minimiser l’effet de la variation du rythme biologique. Les visites pourront être effectuées à 
des intervalles de 4 à 7 jours.   
Lors des visites, vous devrez vous conformer aux différentes étapes et techniques de 
mesure qui suivent. Pour mieux comprendre et avoir une idée claire du déroulement de 
chacune des visites, veuillez vous référer au calendrier à la fin du document. 
Visite 1, Jour 1 (durée de la visite: 3 heures) 
Mesures de base et questionnaires 
On vous fera la lecture du formulaire de consentement et on vous donnera une explication 
détaillée de l'étude; 
Nous allons prendre des renseignements généraux (âge, adresse, numéro de téléphone et 
courriel). Ces renseignements personnels seront gardés confidentiels et en aucun temps ils 
ne seront partagés avec d’autres personnes;  
Vous allez remplir un questionnaire d'habitudes d'activités physiques (5 minutes);  
Nous allons mesurer votre tension artérielle et votre fréquence cardiaque de repos 
(électrode placée au niveau du torse); 
Vous devrez recueillir votre urine dans un contenant prévu à cet effet; 
Nous allons mesurer votre poids (balance conventionnelle) et votre taille (ruban à mesurer 
sur le mur); 
Nous allons mesurer votre composition corporelle avec un DXA. Lors de la mesure, vous 
serez en position couché pendant 5 minutes. C’est un examen sans douleurs. Cet appareil, 
utilisé pour détecter l’ostéoporose, émet un faible rayon-X et permet de calculer le 
pourcentage de masse osseuse, masse grasse et masse maigre de votre corps. On doit 
mesurer votre composition corporelle, car les quantités de liquide et de glycérol seront 
administrées en fonction de la quantité de masse maigre;  
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On vous expliquera les procédures à suivre lors des dernières 48 heures avant les trois 
prochaines expérimentations; 
On vous fournira une balance électronique; 
On vous donnera trois boissons nutritionnelles EnsureTM. 
Visites 2, 3 et 4, Jours 4 à 21 (durée de chacune des visites: 4 heures) 
1re, 2ième et 3ième expérimentations 
Il est à noter que ces trois visites se dérouleront d’une manière identique. La seule 
différence se trouvera au niveau du type de solution d’hyperhydratation que vous allez 
ingérer. Au total, vous en recevrez trois différentes. Lors de ces trois visites, les procédures 
et mesures suivantes seront effectuées. 
Nous allons mesurer le poids de vos vêtements et souliers; 
Vous devrez recueillir votre urine dans un contenant prévu à cet effet; 
Nous allons mesurer votre poids corporel; 
Nous allons installer une électrode cardiaque sur la poitrine, juste en dessous des muscles 
pectoraux; 
Vous allez faire le protocole d’hyperhydratation qui sera d’une durée de 3 heures; 
Pendant les 60 premières minutes seulement, vous allez boire à toutes les 20 minutes une 
quantité de liquide qui correspond à environ 450 ml (environ 2 tasses). Vous devrez 
consommer les liquides sur une période de 5 minutes, au maximum. Au total, vous allez 
boire environ 1800 ml (environ 8 tasses) de liquide et consommer 1.4 grammes de glycérol 
par kilogramme de masse maigre; 
À toutes les 20 minutes, et ce pendant 3 heures, nous allons mesurer votre production 
d’urine, votre poids corporel ainsi que différents effets secondaires possibles, la perception 
de la chaleur, la perception de la soif et la fréquence cardiaque; 
À toutes les 60 minutes, et ce pendant 3 heures, nous allons prélever un échantillon de sang 
capillaire (l'équivalent d'environ 5 gouttes de sang) au niveau de la pulpe de l'index de 
votre choix à l'aide d'un autopiqueur jetable;  
Pendant cette période de 3 heures, vous pourrez lire, écouter de la musique ou effectuer des 
travaux scolaires ou reliés à votre travail. 
Explication des mesures prises pendant les trois expérimentations 
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Vidange de la vessie 
Pendant les périodes d’hyperhydratation, le volume urinaire sera mesuré à l’aide d’un 
urinoir gradué. Il est nécessaire de déterminer le niveau de production d’urine pendant ces 
périodes afin de mesurer le niveau de rétention de liquide et de comprendre la dynamique 
de la perte d’urine à travers le temps. Nous vous demanderons d’effectuer un prélèvement 
d’urine à mi-jet lors de la première collecte urinaire seulement. Les échantillons d’urine 
nous permettront de mieux comprendre votre niveau d’hydratation corporelle.  
Poids corporel 
Pendant les périodes d’hyperhydratation, nous allons mesurer votre poids corporel avec 
une balance précise à ± 20 grammes. Ceci est nécessaire afin de mieux comprendre votre 
niveau d’hydratation corporelle et la dynamique des pertes de liquide à travers la sudation 
et la respiration.  
Hyperhydratation à l’eau  
Vous boirez de l’eau plate à 20C contenant 7 grammes de Crystal LightTM aux agrumes par 
litre de liquide. 
Hyperhydratation au sodium 
Vous boirez de l’eau plate à 2ºC contenant 7.45 grammes de sel de table et 7 grammes de 
Crystal LightTM aux agrumes par litre de liquide.  
Hyperhydratation au glycérol 
Vous boirez de l’eau plate à 20C contenant environ 46 grammes de glycérol et 7 grammes de 
Crystal LightTM  aux agrumes par litre de liquide.  
Mesures de différents effets secondaires 
Afin de déterminer l’effet des périodes d’hyperhydratation sur le développement d’effets 
secondaires possibles, les évaluations suivantes seront effectuées: gonflement abdominal, 
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douleur abdominale, nausée, étourdissement, flatulence, vision trouble et diarrhée. 
L’intensité des problèmes potentiels sera estimée à partir d’une échelle arbitraire de 1 à 5. 
Perception de la chaleur 
La perception de la chaleur sera mesurée à l’aide d’une échelle arbitraire allant de 1 à 
5. 
Perception de la soif 
La perception de la soif sera mesurée à l’aide d’une échelle arbitraire allant de 1 à 11. 
Prise de sang 
Un autopiqueur, similaire à celui utilisé par les diabétiques pour le prélèvement d'une 
goutte de sang au bout du doigt, sera utilisé afin de prélever du sang capillaire. Le sang sera 
récolté à l'aide de 3 petits tubes afin de faire la mesure de l'hémoglobine (protéine de 
transport d'oxygène), de l'hématocrite (% de globules rouges dans le sang), de la natrémie 
(niveau de sodium dans le sang), de l'osmolalité plasmatique (nombre de particules dans le 
sang) et des changements de volume sanguin. Ces mesures nous aideront à comprendre les 
effets des différentes boissons d'hyperhydratation sur les changements de la composition 
du sang. Avant chacune des prises de sang, la main du doigt devant être piquée devra être 
réchauffée pendant 10 minutes dans un gant chauffant afin de maximiser la circulation 
sanguine et faciliter la récolte de sang. Avant chaque mesure, la pulpe de l'index de votre 
choix sera nettoyée avec de l’alcool 70%. Ensuite, le bout de votre doigt sera piqué. Le doigt 
sera légèrement pressé afin de faire sortir une première goutte de sang. Afin d’éliminer la 
contamination, cette première goutte sera essuyée et retirée à l’aide d’un gaze. Le doigt sera 
pressé de nouveau afin d’obtenir quelques gouttes supplémentaires qui seront aspirées 
dans les petits tubes. Le doigt sera ensuite désinfecté avec de l'alcool 70% et recouvert 
d'une gaze afin d'arrêter le saignement. Cette procédure minimalement invasive est très 
sécuritaire.   
COLLABORATION DU SUJET DE RECHERCHE 
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Pendant la période de l’étude, on s’attend à ce que vous modifiez certaines habitudes de vie 
au point de vue de votre nutrition, de votre entraînement et de votre sommeil.  
Nutrition 
Lors des dernières 24 heures avant les expérimentations, on demande que vous 
consommiez les mêmes liquides et aliments et que vous ne consommiez aucune substance 
diurétique (thé, café, cola, chocolat, boisson énergisante (type Red Bull)) et alcool. On vous 
demandera de noter et peser les aliments et le volume des liquides que vous allez 
consommer pendant cette période;  
Vous devrez arrêter de consommer tous suppléments alimentaires pendant les dernières 48 
heures avant les expérimentations; 
Pour s’assurer d’une bonne hydratation, vous devrez consommer 500 ml (environ 2 tasses) 
d’eau 120 minutes avant de vous coucher la nuit qui précédera chaque expérimentation; 
Pour nous assurer que vous soyez dans un bon état nutritionnel et bien hydraté, vous 
devrez consommer une boisson nutritionnelle EnsureTM et 200 ml (environ 1 tasse) d’eau 
120 minutes avant de vous présenter au laboratoire pour chacune des expérimentations; 
Vous devrez demeurer à jeun dans les dernières 120 minutes avant de vous présenter au 
laboratoire pour chacune des expérimentations. 
Exercice 
Vous devrez arrêter toute forme d’activités physiques lors des dernières 8 heures avant de 
vous présenter au laboratoire avant chacune des expérimentations; 
Vous pourrez maintenir vos routines d’entraînement lors des 16 autres heures de la 
journée, sans néanmoins effectuer des exercices à haute intensité ou de longue durée (2 
heures +). 
Sommeil 
Vous devrez vous coucher aux mêmes heures la nuit qui précède chacune des 
expérimentations. 
RISQUES POUVANT DÉCOULER DE VOTRE PARTICIPATION À L’ÉTUDE 
Cette étude ne comporte aucun risque déraisonnable pour votre santé. L'ingestion des 
solutions d’hyperhydratation pourrait occasionner pendant une période transitoire des 
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maux de tête, des nausées, des vomissements, des étourdissements, des problèmes gastro-
intestinaux, ou une vision troublée.  
L’ingestion de glycérol est sécuritaire et aucun effet secondaire n’a été répertorié jusqu’à ce 
jour dans notre laboratoire suite à sa prise.  
Vous serez soumis à une faible dose de radiation lors du test de composition corporelle 
(DXA). Cependant, cette dose se situe largement en-dessous des normes annuelles de 
radiation permises.  
INCONVÉNIENTS POUVANT DÉCOULER DE VOTRE PARTICIPATION À L’ÉTUDE 
L'ingestion d'approximativement 1800 ml (environ 8 tasses) de liquide sur une période 
d'une heure pourrait occasionner un sentiment de gonflement abdominal très désagréable. 
Par contre, le sentiment de gonflement abdominal se résorbe habituellement très 
rapidement suivant l’ingestion. Vous allez boire des boissons très froides servies à 2ºC. 
Ainsi, selon notre expérience, il est possible que vous ayez froid pendant les périodes 
d’hyperhydratation. Par contre, cette sensation est transitoire et disparaît habituellement 
rapidement. Selon notre expérience, il est possible que vous n’appréciiez pas la saveur de la 
solution d’hyperhydratation au sodium, à cause de la combinaison sucré/salé. Si le cas se 
présente, nous tenterons d’altérer la solution en utilisant une saveur alternative de Crystal 
LightTM. Le fait de modifier et d’ajuster votre style de vie aux exigences demandées par 
l’étude pourrait vous occasionner certains inconvénients. Un autopiqueur sera utilisé 
pendant les expérimentations pour prélever des échantillons de sang capillaire. Certaines 
personnes pourront ressentir un inconfort (mineur dans la majorité des cas) pendant 
l’insertion des aiguilles au niveau de la pulpe du doigt. Une contusion (un bleu) pourrait 
aussi apparaître à l’endroit de l’insertion des aiguilles, mais si tel est le cas, celle-ci 
disparaîtra généralement dans les jours suivants. 
AVANTAGES POUVANT DÉCOULER DE VOTRE PARTICIPATION À L’ÉTUDE  
Outre le fait de contribuer à faire avancer les connaissances scientifiques dans le domaine 
de l’hyperhydratation et l’exercice physique, vous recevrez des informations sur votre 
masse musculaire et adipeuse.  
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PARTICIPATION VOLONTAIRE DU SUJET ET DROIT DE RETRAIT 
Votre participation à ce projet de recherche est volontaire. Vous êtes donc libre de refuser 
d’y participer. Vous pouvez également vous retirer de ce projet à n’importe quel moment, 
sans avoir à donner de raisons, en faisant connaître votre décision au chercheur 
responsable du projet ou à l’un de ses assistants. Toute nouvelle connaissance acquise 
durant le déroulement de l’étude qui pourrait affecter votre décision de continuer d’y 
participer vous sera communiquée sans délai. Si vous vous retirez de l’étude ou en êtes 
retiré, l’information déjà obtenue dans le cadre de l’étude sera conservée aussi longtemps 
que nécessaire pour rencontrer les exigences réglementaires. Si vous vous retirez de l’étude 
ou en êtes retiré, l’ensemble des résultats obtenus vous seront retransmis. 
ARRÊT DU PROJET DE RECHERCHE  
Le chercheur responsable de l’étude et le Comité d’éthique de la recherche en santé chez 
l’humain du CHUS peuvent mettre fin à votre participation, sans votre consentement, pour 
les raisons suivantes: 
Si de nouveaux développements scientifiques survenaient indiquant qu’il est de votre 
intérêt de cesser votre participation; 
Si le chercheur responsable du projet pense que cela est dans votre meilleur intérêt; 
Si vous ne respectez pas les consignes du projet de recherche; 
S’il existe des raisons administratives d’abandonner l’étude. 
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CONFIDENTIALITÉ 
Durant votre participation à ce projet, le chercheur responsable du projet ainsi que son 
personnel recueilleront et consigneront dans un dossier de recherche les renseignements 
vous concernant. Seuls les renseignements nécessaires pour répondre aux objectifs 
scientifiques de l’étude seront recueillis. 
Tous ces renseignements recueillis au cours du projet demeureront strictement 
confidentiels dans les limites prévues par la loi. Afin de préserver votre identité et la 
confidentialité de ces renseignements, vous ne serez identifié que par un numéro de code. 
La clé du code reliant votre nom à votre dossier de recherche sera conservée par le 
chercheur responsable du projet de manière sécuritaire. 
Le chercheur responsable du projet utilisera les données à des fins de recherche dans le but 
de répondre aux objectifs scientifiques du projet décrits dans le formulaire d’information et 
de consentement. 
Les données pourront être publiées dans des revues médicales ou partagées avec d’autres 
personnes lors de discussions scientifiques. Aucune publication ou communication 
scientifique ne renfermera quoi que ce soit qui puisse permettre de vous identifier. 
À des fins de surveillance et de contrôle, votre dossier de recherche pourrait être consulté 
par une personne mandatée par le Comité d'éthique de la recherche en santé chez l’humain 
du CHUS ou par l’établissement ou par une personne mandatée par des organismes publics 
autorisés. Toutes ces personnes et ces organismes adhèrent à une politique de 
confidentialité. 
À des fins de protection, notamment afin de pouvoir communiquer rapidement avec vous, 
vos noms et prénoms, vos coordonnées et la date de début et de fin de votre participation au 
projet, seront conservés pendant un an après la fin du projet dans un répertoire sécurisé 
maintenu  par le chercheur.  
Vous avez le droit de consulter votre dossier de recherche pour vérifier les renseignements 
recueillis et les faire rectifier au besoin et ce, aussi longtemps que le chercheur responsable 
du projet ou l’établissement détiennent ces informations. Cependant, afin de préserver 
l'intégrité scientifique de l'étude, vous pourriez n’avoir accès à certaines de ces 
informations qu'une fois l'étude terminée. 
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COMPENSATION 
Un montant forfaitaire de 10 $ vous sera versé à chacune des visites au laboratoire pour 
compenser les frais de déplacement et de stationnement. Si le total des frais de déplacement 
et de stationnement dépasse 10$, nous vous rembourserons la différence sur présentation 
des reçus pertinents. 
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DROITS DU SUJET ET INDEMNISATION EN CAS DE PRÉJUDICE 
Si vous deviez subir quelque préjudice que ce soit dû à votre participation au projet de 
recherche, vous recevrez tous les soins et services requis par votre état de santé, sans frais 
de votre part. En acceptant de participer à cette étude, vous ne renoncez à aucun de vos 
droits ni ne libérez les chercheurs ou l’établissement où se déroule ce projet de recherche 
de leurs responsabilités civile et professionnelle. 
FINANCEMENT DU PROJET DE RECHERCHE 
Le chercheur a reçu des fonds de la Faculté d’éducation physique et sportive pour mener à 
bien ce projet de recherche. Les fonds reçus couvrent les frais reliés à ce projet de 
recherche. 
PERSONNES-RESSOURCES 
Si vous avez des questions concernant le projet de recherche ou si vous croyez que vous 
éprouvez un problème de santé relié à votre participation au projet de recherche, vous 
pouvez communiquer avec le chercheur responsable du projet de recherche aux numéros 
suivants: 
 
SURVEILLANCE DES ASPECTS ÉTHIQUES 
Le Comité d’éthique de la recherche en santé chez l’humain du CHUS a approuvé ce projet 
de recherche et en assure le suivi. De plus, nous nous engageons à lui soumettre pour 
approbation toute révision et toute modification apportée au protocole de recherche ou au 
formulaire d’information et de consentement.  
Si vous désirez rejoindre l’un des membres de ce comité vous pouvez communiquer avec 
le Service de soutien à l’éthique de la recherche du CHUS
94 
CONSENTEMENT 
Je déclare avoir lu le présent formulaire d’information et de consentement, 
particulièrement quant à la nature de ma participation au projet de recherche et l’étendue 
des risques qui en découlent. Je reconnais qu’on m’a expliqué le projet, qu’on a répondu à 
toutes mes questions et qu’on m’a laissé le temps voulu pour prendre une décision.  
Je consens librement et volontairement à participer à ce projet. 
______________________    ________________________ ___________ 
Nom du participant     Signature du participant     Date 
(lettres moulées) 
______________________    ________________________ ___________ 
Nom du témoin          Signature du témoin      Date 
(lettres moulées) 
______________________    ________________________ ___________ 
Nom de la personne qui Signature de la personne qui Date 
obtient le consentement obtient le consentement 
(lettres moulées) 
ENGAGEMENT DU CHERCHEUR 
Je certifie qu’on a expliqué au sujet de recherche les termes du présent formulaire 
d’information et de consentement, que j’ai répondu aux questions que le sujet de recherche 
avait à cet égard et que j’ai clairement indiqué qu’il demeure libre de mettre un terme à sa 
participation, et ce, sans préjudice. 
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Je m’engage à respecter ce qui a été convenu au formulaire d’information et de 
consentement et à en remettre copie signée au sujet de recherche. 
______________________    ________________________ ___________ 
Nom du chercheur  Signature du chercheur     Date 
(lettres moulées)       
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CALENDRIER DES VISITES ET INTERVENTIONS 
Visite 1 Visite 2 Visite 3 Visite 4 
Formulaire de consentement X 
Renseignements généraux X 
Habitudes d’activités physiques X 
Tension artérielle X 
Échantillons d’urine X X X 
Poids corporel X X X X 
Vidange de vessie X X X 
Mesure fréquence cardiaque X X X X 
Remise du calendrier X 
Effets secondaires X X X 
Ingestion d’hyperhydratation X X X 
Taille et composition corporelle X 
Prise de sang X X X 
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